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PREFACE

This repor t  is submit ted in comp lia nce w i t h t h e r eq u i r e m en ts of
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15 October 1975 to 15 September  1976. Rela ted  work  under  a p r e v i o u s
c o n t r a c t  (F 3 0 6 0 2 - 7 5 - C - 0 O 1 Z)  is reported in R A D C- T R - 7 5 - 18 5  (Ju l y 1976)
and R A D C - T R - 7 6- 1 8 9  (June 1976).
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us with  the r e su l t s  of his  theore t i ca l  ca lcula t ions . A. MacGovern  and
3. LeFebvre  of Itek , Inc. , w e r e  pa r t i c u l a r ly hel pful  wi th  r e ga rd  to the R T AM . 



TABLE OF CONTENTS

Section Page

Preface I

List of Illustrations 4

List of Tables 7

I. INTRODUCTION 8

1. Background and Objectives 8

2. Program Status and Accomplishments  9

3. Results and Conclusions 9

I I .  EXPERIMENTAL OPERATIONS AND INSTRUMENTATION 12

1. Operations 12

2. Ins t rumenta t ion  1 ~

III. SEEING MONITOR DATA 15

1. General

2. E r r o r  Est imates

3. Results and Conclusions 24

IV . STAR SENSOR DATA 2~
1. General 2 .

2 . Turbulent  Prof i les  2 Q

3. Scint i l la t ion Data 30

4. Sta r Sensor - Small Ape r tu r e  Photometer C o m p a r a t iv e
Data 34

5. Noise Evaluat ion Tests 40

V. METEOROLOGICAL DATA 4

VI DATA COMPARISONS 47

I. General 47

2. Turbulence Profile 47

2 

--.. ,~~-~~~~ - -~~—-~~~~ - — -.- -
~~~~~~~~

-
~~~~ 

.
~ ~~

-,— -
~~~~~~

- 



Section 
Page

3. Seeing Monito r - Star Sensor

4. Theoretical Comparisons

5. Experimental Comparisons 59

VII . RTAM AMOS TESTS 63
1 . General 63
2. MTF Performance 63
3. Phase T r a n s f e r  Func t ion  65

R E F E RE N C E S  70

App end i ces

A. Seeing Monitor Data 72

B . Star S’ nsor Data 82

C . Me teoro log ica l  Da ta 99

3 

-
~~- 

.



LIST OF ILLU STRA TIONS

Figure Pag~

1 Seeing Monitor - Basic Concept 16

2 Seeing Monitor - Electronic and Data Processing 17

3 Seeing Monitor - Theoretical Model 21

4 Seeing Monitor Data - Variability 25

5 Seeing Monitor Data - Trends 26

6 Seeing Monitor Data - Correlation Scale Distribution 27

7 Star Sensor Profiles of 18 November 1975 31

8 Star Sensor Profiles of 15 November 1975 32

9 Star Sensor Profiles - Monthl y Average 33

10 Star Sensor Log - Amplitude Variance of 18 November 35
1975 - H istog ram

11 Star Sensor Log - Amplitude Variance of 18 November 36
1 975 - Cumulative Probability

1 2 Comparat ive Log - Amplitude Variances - Raw Data

13 b-29 Photometer Data - Bandwidth Dependence

14 Comparat ive  Log - Amplitude Variances - Adjus ted  Data

15 Star Sensor Noise - Total Log - Amplitude Variance 4 1

Star Sensor Noise - Fil tered Log - Ampl itude V a r i a n c e

17 Star Sensor Operat ion Condit ions 44

18 Empir ica l  Turbulence Prof i le  of 17 November 1975

19 Emp ir ica l  Turbulence Profile of 18 November 1975 40

20 Empirical Turbulence Profi le  of 21 November 1975

21 Comparison of Measured and Profile Derived Log - 54
Amplitude Var iances

-4-  

~~~~~~~~~~~~~ 
- - . -.



Figure  Page

22 Two Dimensional  Turbu lence  Contours of 17 November  55
1975

23 Two Dimensional  Turbulence  Contours  of 18 November 56
1975

24 Two Dimensional  Turbulence  Contours  of 20 November  57
1975

25 RTAM-MTF Data 64

26 RTAM -Reduct ion in Hi gh - F r e q u e n c y  (S/N ) 66

27 RTAM-PTF Data 68

A - I  Seeing Moni to r  Data - 11 , 12 , 14 and 15 November  1°75 75

A - Z  Seeing Monitor Data - 17 , 18 , 10 and 21 November l°75 76

A - 3  Seeing Moni tor  Data - 6 , and 8 December  l~~75 77

A -4  See ing  Moni tor  Data - 12 , 1 3 and 27 M a y  1°76 7 8

A - 5  Seeing Monitor Data - 10 , 18 and 2 1 June  1976 70

A -6 Seeing Monitor Data - 24 , 29 and 30 June  1976 SO

A - 7  Seeing Moni tor  Data - 6 . 8 , 9 , 12 and 13 Ju l y 1 7 b

B - I  Star Sensor Nig ht l y Averaged  Prof i les  - November  1°75 03

Star Sensor Nig htl y Averaged  Prof i l es  - December 1Q75 04

B - 3  Star  Sensor  Ni ght l y Averaged  Prof i l es  - A pr i l  1 , 76 95

B -4  Star Sensor Ni ghtl y Ave raged  Prof i l e s  - May 10 76 96

B-5  Sta r Sensor Ni ghtl y Averaged  Prof i les  - June 1976 97

B -6  Star Sensor Ni ghtl y Averaged  Prof i les  - Jul y 1976 Q8

C-i Microtherrnal Data - 14 , 15 , 17 and 18 November 1975 102

C-2  Mic ro the rmal  Data - 19 and 21 Novembe r and 6 and 8 103
December 1975

C - 3  Meteorological  Data - 14 and 15 November 1975 104

- 5 -



Figure Page

C-4 Meteorolog ical Data - 17 and 18 November 1975 105

C-S Meteorolog ical Data - 19 and 20 November 1975 106

C-6 Meteorolog ical Data - 21 and 22 November 1975 107

-6-



LIST OF TABLES

Table  Page

Seeing Mo n i t o r  - Sys t em C h a r a c t e r i s t i c s  19

2 Optical  P a r a m e t e r s  Obtained f r o m  Emp i r i c a l  P ro f i l e s  52

3 Seeing Monito r - Profi le  Compar i sons  53

4 Theoret ica l  Compar i sons  60

5 Experimental Comparisons 62

6 R TAM - MTF Performance 67

A - i  Seeing Monito r Data - Summary 74

B - i  Sta r Sensor Data - Summary 84

B-2  Sta r Sen...or Data - Prof i le  85

C- i  M i c r o t h e r m a l  Data - Summary  101

_ _ _ _



r

I. INTRODUCTION

I .  BACKGROUND AND OBJECTIVES

Atmospher ic  tu rbulence  has a s ignif icant  impact on the opera t ion  of
la rge  aper tu re  optical systems.  Degradat ions observed inc lude  loss  of
resolut ion when ima g ing , increased difficult y in detecting dim objects , loss
of t r ack ing  accuracy ,  as well as a number of other  e f fe c t s .  Th e evalu at ion
of the p e r f o r m a n c e  of any system and the specification of opera t ing para-
m e t e r s  for  sys t ems  desi gned to eliminate or minimize these d e g r a d a t i o n s
r e q u i r e  detai led emp ir ical  information about the tu rbu len t  env i ronment  in
which they must operate .

This  p r o g r a m , Turbulence Environment  Cha rac t e r iza t i on , ha s  as  i t s
object ive the col lec t ion , p roces s ing ,  ana lys i s  and in te rp re ta t ion  of data f rom
a var ie ty  of exper iment s in o rde r  to p rov ide  a cha rac te r i za t ion  of the tur-
bulent environment . The site of the measurements is the ARPA Maui Opt ica l
Station (AMOS) atop Haleakala on the island of Maui , Hawaii . Exper imenta l
ins t rumenta t ion  which has been or will be employed include the Seeing
Monitor , the Real Time Atmospher ic  Measur ing  System ( R T A M ) ,  t h e Star
Sensor , a d i f fe ren t ia l  Hartmann sensor , a small ape r tu re  photometer ,
n -i icrothermal probes and an acoustic sounder. During a previous p r o g r a m ,
Turbu l ence  Charac te r i za t ion  and Control , much of this  i n s t rumen ta t i on  was
ins ta l led  and severa l  p er iods  of data collection were  c ar r i e d  out . Deta i l s
of this  work  can be found in Re fs .  1 and 2.

Dur ing  the per iod covered by this  report , a cons id e r a b le am oun t of
da ta was col lected and anal yzed .  In addi t ion , several  upg rades  to the in-
s t rumen ta t ion  were  accomp l ished  and an in i t ia l  se r ies  of t e s t s  with  the
RTAM w e r e  completed.  The overa l l  p r o g ra m  status , accomp l is hment s and
the most si gn i f ican t  resul t s and conc lusions are  g ive n below. More de t a i led
d i s c u s s i on s a re g iven in the ba lance of the r epor t .  Section II s u m m a ri z e s
the exper imenta l  opera t ions  and the status of a l l  i n s t r u me n t a t i o n .  Seet iom
III , IV and V summar ize  the Seeing Monitor . Star Sensor and meteorologi-
ca l data , respect ively. The comp lete and d etailed data is g iven in the

1. M . G. Mil ler  and P. F. Kellen , Turbu lence  C h a r a c te r i z a t i o n  and C o n f r n l ,
In ter im Technical  Report , Contract  ~F30602 -75- C - 0 0 l2  (Avco E v e r e t t
R e s e a r c h  Labora to ry) ,  Rome Air  Development Center  Technica l  R epor t
#RAD C - T R - 7 5-  185 (Jul y 1 9 7 5) ,  (A015759).

2. M. G. Mi l le r , P . L . Zieske  and G. Dry den , Tu rbu lence  C h a r a c t e r i ~’a t i ~~n
and Cont ro l ,  Final Technical  Report , Contract  #F30602 -75- C - O O l Z  ( A v c v
Evere t t  R e s e a r c h  Labora to ry) ,  Rome Air Development Center  T e c h n i c a l
Repor t  #RADC- TR- 76- 189 (June 1976) ,  (A027 155).
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Appendices. Section VI d i scusses  var ious  data compar i sons  and inc ludes
comparisons with theory and other experimental result s. The fina l sec t ion
gives a br ie f  ana lys i s  of some of the data col lec ted  du r ing  the in i t i a l  p e r i o d
of RTAM test ing .

2. PROGRA M STATUS AND ACCOMPLISHMENT S

As of the date of th is  repor t , the status of the i n s t rumen ta t ion  is as
follows .

• Data co l lec t ion  with the meteorolog ical  i n s t r u m e n t a t i o n , See ing
Moni tor  and Star Sensor has been reduced to a level  such that  the
no rma l  o b s e r v a t o r y  personnel  can operate these  s y s t e m s  as
sc hedu led .

• The PDP- 8 data p r o c e s s i n g  sys t em has been op e ra t i ng  r e l i a b l y .
Input/ out put capabi l i t y wi ll be u p g r a d e d .

• Because  of ope ra t iona l  f a i l u r es , th e acous t ic s o u n d e r  was  r e tur n e d
t o RADC for comp lete eva lua t ion .  It is  exp ec ted  back ea r l y in
November  1976 .

• The new tape r e c o r d e r  has been i n s t a l l e d  and e v a l u a t ed .

• The RTAM has u n d e r g o n e  an in i t ial  pe r iod  of AMOS t e s t i n g .

• Opera t ions  with the d i f f e r e n t i a l  H a r t m a n n  sensor  and small  aper-
tu re  photometer  have been d i s c o n t i n u e d .

Important  accomp l i shmen t s  include the following:

• An intensive period of data collection during late November and
ear ly December 1975.

• Establishment of routine data collection activities starting in
A p r i l  1976.

• A se r i e s  of c omparat ive  m e a s u r e m e n t s  between the  Star Sensor
and smal l  a p e r t u r e  photometer .

• A se r ies  of noise evaluation tes ts  with the Star Sensor.

3. RES UL TS AND CONCLUSIONS

Two hundred and twenty-  eig ht ten  m i n u t e  samp les of r 0 have been
obtained on twent y- four ni g hts  with t h e  Seeing Moni to r  y i e l d i n g  the fo l lowing
in format ion.

• The ensemble has an approx imate  Gauss i an  d i s t r i b u t i o n  wi th  a mean
of 9 .6  cm , a~, s tandard  dev ia t ion  of 2 . 2  cm and a range  of (5 . 3 -  l 7 .8~cm at 5000 A

, 9



• The s ta t is t ical  si gni f icance  of a g iven value is es t imated  to be
bet ter  than * 2% with a precis ion of bet ter  than  ± 1/2%. Est imated
relative uncerta inty due to known errors  is (5 - I O)% .

-
• A potential l y major  u n c e r t a i n t y  is  the absolute ca l ibra t ion  of the

en t i r e  sys tem.  No s imultaneous and independent  measure  of
has yet  been obtained.

• A va r i e ty  of behavior  over per iods  of hours  has been seen , inc lud ing
n e a r  co nstant  condi t ions , large v a r i a b i l i t y  over t ime period s of
minutes  and t r end s towards  both improving and de g r a d i n g  s e e i n g .

• On some occas ions , subs tant ia l  a tmosp h e r i c  non- s t a t i ona r i ty  is
ind ica ted .

Star Sensor data was col lec ted  on 30 occas ions .  On e hu n d r e d  and
twenty-  six upper  atmospher i c  prof i les  and 2 18 twen ty -minu te  samples of
the log-amp li tude var ianc e were collected.  These data y ield the  fol lowing
in fo rmat ion .

• Si gn i f i can t  changes  in the p r o f i l e s  a r e  seen in t ime scal e s  of 20 to
40 m i n u t e s . P ro f i l e s  tend to f l a t t en  and in some cases  i n d i c a t e
i n c r e a s e d  levels  of t u rbu l ence  in the v i c i n i t y  of the me teo ro log ica l
t ropopauSe .

• A t m o sp her ic  non- s ta t ionar i t y e f fec t s  w e r e  s u f f i c i e n t l y st r o n g  to
inva l ida t e  approximate l y 40% of the p r o f i l e s .

• The a p e r t u r e  a v e r a g e  (36 cm)  twenty  minute  log-amp li tude v a r i a n c e r
have a mean of 5 .8  x l0~~ with a range  of ( 1 .5 -  28) x l 0 ’~. The
ense mble of twenty- four  second v a r i a n ce s  co l lec ted  on a s ing le nig ht
show an approximate Gauss ian  d i s t r i bu t ion .

• S imj l taneous  Star Sensor and small  a pe r t u r e  pho tome te r  data  show
agreement  in log-amplitude va r i ances  of approx imate l y 0 . 5  x l0~~
for the most d i r ec t l y comparable r e s u l t s .

• The resul t s of the noise  eva lua t ion  t e s t s  have lead to a m o r e  com-
ple te c h a r a c t e r i z a t i o n  of noise  p rope r t ie s  then p r e v i o u s l y e x i s t e d .
The ope ra t iona l  limit for re l i ab le  in fo rmat ion  has  been e s t a b l i s h e d
as th i rd  to four th  stella r magni tude . The effect  of noise on th e
reduced  p ro f i l e  has not yet  been de t e rmined .

Data compar i sons  lead to the fol lowing r e su l ts .

• A greemen t  between the emp ir ica l  p rof i le  and the Seeting M oni t or
data is no t good . Spatial va r i ab i l i ty  of the t u r b u l e n t  f ie ld  could be
the cause  of th is  d i s c r e p a n c y .

• Some cor re la t ion  is seen in the Seeing Monitor  and Star Sensor data ,
pa r t i cu l a r l y  re lat ive to atmospher ic  non- st a t ionar i ty .  However ,
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because these two ins t ruments  tend to emp has ize  d i f f e r en t  por t ions
of the atmosp here , a s trong correla t ion should not be ant ici pa t e d .

• Theoret ical  modeling of the prof i le  based on g r o s s  meteorolog ica l
data , y ields roug h agreement  with the data.

• The agreement  of this data for  both scint i l lat ion and c o r r el at i o~.sca l e a g rees  qui t e rea sonabl y with other r epo r t ed  d a t a .

The ini t ia l  tes ts  of the RTAM yield the fol lowing conc lus ions :

• C u r r e n t  per fo rmance  leve ls  would p rov ide  data wh ich  would be
extremely di f f i cu l t  to process  for hi g h f r e q u e n cy  MTF i n fo r m a t i o n .

• It should  be poss ib le  to imp lement  RTAM for an independen t  mea-
sure  of r 0 for  c ompar i son  with  the Seeing Mon i to r .

• B e c a u s e  of s eve ra l  e f f e c t s , it is un l ike l y that  use fu l hi g h- f r e q u e n c y
p hase  i n fo rma t ion  can be obta ined.

11
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II.  E X P E R I M E N T A L  OPERAT I ON S AND I N S T R U M E N T A T I O N

1. OPERATIONS

Dur ing  the con t rac t  p er iod , severa l  types  of operat ions w e r e  c a r r i e d
out . The f i r s t  of these  was an in tens ive  data col lect ion p er iod w h i c h  s ta r ted
in ea r l y November  and c ontinued unt i l  ea r l y December 1975. The measure-
ment  sys tems used dur ing this  p er iod were  the micro ther rn a l probes , acou s -
t ic sounder , Star Sensor , Seeing Moni tor  and the b -29 photometer  equipped
wi th  a small  a p e r t u re . The rn i c ro the rmal  probes , Seeing Monitor  and
photometer  output s were  p rocessed  us ing  the PDP- 8 data pr o c e s s i n g  sys-
tem . The ana log  si gnals  f rom these  s enso r s  were samp led 1 350 t imes
d u r i n g  approximate l y 8 .25  minu tes  followed by a data pr in tou t  which re-
q u i r e d  approx imate l y 1 . 7 5  m i n u t e s .  This  r e su l t ed  in a basic 10 minut e
data  p r o c e s s i n g  c y c l e . More  de ta i led  d i scuss ions  of t hese  v a r i o u s  s y s t e m s
can be found in R e f .  2. The Seeing M oni to r and photometer  w e r e  m o u n t e d
on the  b- 37 and b- 29 t e l e scopes , r espect ive ly .  b ecause  these  two tele-
scopes s h a r e  a co mmon mount , data f rom these  s y s t e m s  could not be col-
lec ted  s i m u l t a n e o u s l y.  Hence , a l t e rna t e  10 minute  c y c l e s  w e r e  used  to
ob t a in  data wi t h th ese  two d e v i ce s . The twenty  minute  Star Sensor cyc le
was synchronized with the other systems yielding a sing le data cycle for
every  two PDP- 8 c y c l e s . T yp ica l data  runs  las ted for t h r e e  hou r s  and w er t
st a r t e d  at v a r i o u s t imes  d u r i n g  the  ni ght .  Successful  data runs  wi th  som e
or a ll of t h e s e  sy s t ems  were  accomp l ished  on ten occas ions . D u r i n g  the
week of 17-21  November , pe r sonne l  f rom the NOAA E n v i r o n m e n t a l  R e s e a r c h
L a b o r a t o r i e s  co l lec ted  data  with a lig ht a i r c r a f t  i n s t r u m e n t e d  wi th  a m i c r o -
t h er m al p robe .  Coup led wi th  other ins t rumenta t ion , t h i s  y ie l ds an em p ir-
i ca l  e s t i m a t e  of the t u r b u l e n c e  prof i le  above the site w h i c h  can  then  be
co m p a r e d  wi th  the  d i r e c t  optical  m e a s u r e m e n t s,  The r e su l t s ob ta ined
d u r i n g  t h i s  per iod  a r e  d i s c u s s e d  in o ther  sect ions of th is  r e p o r t .

Subsequent  to the above a c t i v i t i e s , a rout ine  data co l lec t ion  pro-
c e d u r e  was es tab l ished us ing  the  Star Sensor and Seeing M o n i t o r .  Data
ru ns w e r e  typ ica l l y two hours  in length  and w e r e  imp lemen ted  u s i n g  th
sa me basic  10 minu te  co l lec t ion  cyc le  d i s c u s se d  above . Opera t ions  w e r e
g e n e r a l l y scheduled  on two ni g hts  a week but were  often p reempted  by
hi g he r  p r i o r i t y  opera t ions  or bad wea the r .  Data was col lec ted  on an addi-
t ional twent y -one  ni g hts  dur ing  the period 16 Apr i l  to 13 Ju ly  1976. N e a r
the end of th is  period , a tmospher i c  data us ing  the techni que of spec k le
int e r f e r om et r y was a l so co ll ec t ed by a di ff e r e n t  expe r ime nt al g roup .  Som e
simul taneous  data us ing  the Seeing Monitor  was  obtained . W h en r educed ,
this  data ( speck le)  may prov ide  an independent measu re  of r 0 for c orn-
par ison with the Seeing Monitor  r e s u l t s .

A th i rd  t ype of act ivi t y c a r r i e d  out dur ing  thi s  per iod were  specia l
operat ions whose object ive  was to es tabl ish  proper operat ion of ins t rumen-
ta t ion , col lect ion of s imultaneous and comparative data and noise evalua t ion
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t e s t s . Systems involved included the Sta r Sensor , b- 29 photometer andthe acous t i c  sounder.  Detai ls  of this work are  d i s c u s s e d  in Sections 11. 2.IV .4 , and IV .5.

2. INSTRUMENTATION

The Seeing Monitor , Star Sensor , meteorological  sensor  and thePDP- 8 data p rocess ing  system have been es tabl ished as rou t ine  sys t emsand t he i r  operat ion can be ca rr i ed  out by the norma l obse rva to ry  p e r s o n n e lon an as scheduled basis . Maintenance , whi le  time consuming  on occas ion ,has not been a major  source of difficu lty . Several modif icat ions  and addi-t ions  to some of the sys tems have been c ar r i e d  out or a r e  being p lanned .Mino r sof tware  changes  have been made to the Star Sensor  to f a c i l i t a t e
output  p r e s e n t at i o n  and remot e f ine d r ive  con t ro l s  have been in s t al l ed  sothat  op t imiza t ion  of t h i s  ins t rument ’ s operat ion can be c a r r i ed  out w i thouten te r ing  the  dome . A problem with the Seeing Moni tor  which  has becomemore  severe  is the unbalance  in the two seeing ang le out puts . The source
of this  appea r s  to be d i f f i cu l t i e s  with the opt ical  a l i gnmen t  of the dove p r i s m .Beca u se stud ies of potential non-isotrop ic e f fec t s  is not a hi g h pr io r i t y i te m ,the p r i sm will be removed before  mount ing  on the 1 .6 meter  te lescope . Itis expected that  this  will  el iminate much of the problem and thus  allow o the reffects  such as wavelength sca l ing  to be s tudied .  The r o u n t i n e  meteo ro log i-cal  sensor  out puts have been connected (in pa ra l l e l  to the PDP- 8 A/D con-ve r t e r )  to a di gi tal  meter  equi pped with a sequencing s w i t c h  and sca l ing
e lec t ron ics  located in the obse rva to ry  control  room . This  a l low s a d i r e c tv isua l  r ead ing  of the g ro s s  meteoro log ica l  cond i t i ons  (wind d i r e c t i o n  and
speed , t empera tu re  and dew point ) without r esor t ing  to data  r e d u c t i o n  w i t hthe PDP-8. It is a l so  expected that  an au tomat ic , r emo te l y read b a r a m e t r i c
sensor  w i l l  be added in the near  fu tu re . The PDP- 8 has  been o p e r a t i n c
r e l iab l y .  However , the ex is t ing  te le t ype input/output  has p r o v e d  r e s t r i c t i v e
for certain types of work. Therefore , a high speed paper tape reader/punch
wil l  be obtained and insta l led .

The major  d i f f icu l t y encounte red  has been with the acous t ic  sounder .Althoug h it appeared that proper operation had been e s t ab l i shed  p r i or to t h e
November -  December  exper iment s and raw data was co l lec ted  and r e c o r d e dd u r i n g  the ent i re  per iod , the  data p rocess ing  yielded r e su l t s wh ich  were
dom ina t ed by noise . Subsequent l y,  a var ie ty  of t e st s , m o d i f i c a t i o n s , d a tacol lect ion attempt s and other remedial  act ions  were  t aken , none of which
y ielded usable  data .  Hence the ins t rument  was re tu rned  to RADC for  acomp lete checkout and evaluation.  It is now apparent l y opera t ing  co r r e c t l yand will be retu rned  to AMOS in early  November 1976 .

The b- 29 photometer  equi pped with a one- inch e f fec t ive  ape r t u r e ,while operat ing c o r r ec t l y ,  p rov ided  ve ry  marg ina l  data d u r i ng  the November-December  experiments , The reason for this  was the excess ive  amount  ofnoise seen in the data (approximatel y 90% of the total  measu red  v a r i a n c e )
without the capabili ty of a su f f ic ien t l y a c c u r a t e  m e a s u r e m en t  of th is  e f f e c t .The causes were  probably the hi gh e lec t r i ca l  bandwidth (~~ 4 k H z )  used anda low ef f ic iency  of the en t i r e  sys tem.  Consequent l y ,  only a v e ry  roug h
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estimate of the atmospher ic  log-amplitude varianc e was obtained.  Later
in the yea r , the photometer was reconfi gured to a 36 cm ef fect ive  ape r tu re
and scintil lation data was collected simultaneously with the Star Sensor.
The resul ts  of these experiment s a re  g iven in Section IV . 4. Operat ions  wi th
this system have been discont inued .

The new Bell and Howell VR37 00B tape r eco rde r  has been rece ived
and is now opera t ional .  This machine has a fourteen channe l  r eco rd  (one
d i r ec t  and 1 3 FM) and five cha nnel reproduce  (one 2 MHz d i r ec t , two 80 kIL’
FM and two 400 kHz FM) capabi l i ty  with one inch magnet ic  tape.  N ine speeds
a r e  avai lable  cover ing  the range from 15/ 16 to 120 ips . This  i n s t rumen t
provides  a data record ing  and r eproduce  compatibili ty between AMOS , the
Evere t t  Labora tory  and other  faci l i t ies  such as RADC.  I n i t i a l  app l i ca t ions
wil l  be for record ing  acoustic  sounder raw data for on - s i t e  p r o c e s s i n g  at a
la te r  t ime and full  bandwidth  ( 1 kHz )  r e c o r d i n g  of the Seeting Moni to r  a n g u l a r
out put s  for p roces s ing  at Everet t .

The in i t i a l  AMOS tes t ing  of the Real  Time Atmosph e r i c  Mea sure-
nient Sys tem (R T A M )  have been comp leted . A summary  of t h ese  t e s t s  and
an ana ly s i s  of some of the data is g iven in Section VII .

The por table  d i f f e r e n t i a l  H ar tn ’iann dev ice  has not been used  to
col lect  data s ince  Augus t  1974.  Because  of hi g her  p r i o r i t y  t a s k s  and th . ’
a v a i l a b i l i t y of other  i n s t r u m e n t a t i o n , no a c t i v i t y wi th  t h i s  s y s t e m  is ant ic i -
pated at this  t ime.
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111. SEEING MON ITOR DATA

1. G E N E R A L

The Seeing Moni tor  is basicall y a va r i ab le-  s p a t i a l - f r e qu en c~s p in n i n g -  r e t i c l e  ph o t o m e t e r  m oun t ed in t he f ocal  p la n e of a la r g e t e l e s c op e
imag ing  a d i s t an t  s tar  th roug h t u r b u l e n c e  (F i g u r e  1) .  A s s u m i n g  a r e t i c l e
i n t e n s i t y  t r a n s m i s s i o n ( T )  which  is a spa t i a l l y - v a r y ing  si ne wave , t h e
ou tpu t  o f a ph o t o m u l t i p l i e r  (P M )  p laced  behind the r e t i c l e  w i l l  i nc l u d e  a
t e r m  whose  enve lope  is p r o p o r t i o n a l  to the F o u r i er  t r a n s f o r m  of the  s t a r
i m a g e  ( J 1 ( f ) ~~) at t he spat ial  f r e q u e n c y  ( f )  of the r et i c l e . P roper l y nor-
ma l i z e d , th i s  quan t i ty  is j u s t  the  Modu la t i on  Tr a n s f e r Function (M T F )  of
the  combined atmosp h e r e -t e l e s c op e  opt ical  sys tem which  is r e l a t e d  to t he
Mutua l  Coherenc e Func t ion.  By u t i l i z i n g  a va r i ab l e  s p a t i a l - f r e qu e n c y
re t icle , the en t i r e  MTF can be scanned  as the ret i c le  rotates . In a c t u a l
p r a c t i c e , a l o g a r i t h m ic - v a r y ing , sq u a r e- w a v e  p a t t e r n  is used , h o w e v e r ,
the  bas ic  e f fec t  r emains  the same . A more  comp let e d e s c r i pt i o n  of t h i s
i n s t r u m e n t  is g iven in Refs . 2 and 3 .

W hile a number  of ou tpu t s  a r e  ava i l ab l e  f rom t h i s  d e v i c e , t he one
used in th i s  exper iment  is a s ing le  pa r ame te r  c h a r a c t e ri z a t i o n  of the  w i d t h
of the MTF or equivalent l y ,  the s i ze  of the image . The development  of t h i s
si gna l is indicated in the top por t ion  of Fi g u r e  2. The PM output is an os-
c i l l a t i ng  si gnal whose modula t ion  d ec r e a s e s  with t ime ( i r i c r e 3 s i n g  sp a t i a l
f r e q u e ncy ) .  At the beg inn ing  of each scan , the modula t ion  is m a x i m u m
because  the r e t i c l e  ba r s  a r e  l a r g e r  tha n the image . A s t h e sca n c o n t i n u es ,
modula t ion  d e c r e a s e s  as a resu l t  of the image being l a r g e r  tha n the r e t i c l e
bars .  The si gnal is demodulated result ing in an envelope which is pro-
por t iona l  to the MTF . This si gna l d e c r e a s e s  as a funct ion  of scan  t ime .
Analog e lec t ronics  a re  used to de te rmine  the time ( i . e . , spatial- f r e q u e n c y )
at which the MTF drop s to one-ha l f  its initial (zero  spatial f r e q u e n cy )  value .
A vol tage p ropor t iona l  to th i s  half-  MTF f requency  is developed and p r o v i d e d
as an output f rom the ins t rument . This  vol tage changes  with each  succes-
sive scan of the re t ic le  indicat ing the changing  s ize  of the image as a r e su l t
of the var iable  atmosphere .  The system is dup licated for an or thogonal
channel .  Data p rocess ing  is shown in the lower portion of the f ig u r e . Whi le
tape- r eco rd ing  of the raw data will be ut i l ized in the fu tu re  for  deta i led
temporal cha rac t e r i za t i on , at p resen t  the output s a re  fed d i r ec t ly  to a rea l

3. C. R. Giuliano , et al , Space Object Imag ing, Fina l Technical  Repor t ,
Contract  #F30602- 74- C- 0227 (Hug hes Resea rch  Laboratory) , Rome
Air  Development Center  Technical  Report l~RADC-TR- 76- 54 (M a r c h  l 9 7 b ) .(A 023497 ) .

4. D . Fried , J .  Opt. Soc . Am. 56 , 1372 ( 1966) .
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Fi gure 1. Seeing Moni to r  - B a s i c  Concept .  Components  shown a r e  the
S te l l a r  Source  (S), Telescope (T) ,  R e t i c l e  ( R )  and Photo
Mul t i pl i e r  (F) .
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time process ing  system . This system includes an analog to digita l con-
ve r t e r , PDP- 8/I computer  and teletype output . The PDP- 8 is p rogrammed
to calcula te  the mean and var ianc e of the input s ignals .  Total sample s i ze
and sampling ra te  a re  var iab le  and c ontrol the total cyc le  t ime of the sys-
tem . The a v e r a g e  vol tage ca lcula ted  by the p rocess ing  system is then fi t
to a t h e o r e t i c a l  model to provide  an es t imate  of the  co r r e l a t i on  scale (r 0 ) .

The t h e o r e t i c a l  model used to obtain an est imate of r 0 is ind ica t e d in
F igure  3. The data p roces s ing  sys tem ave rages  a vol tage which is propor-
tiona l to the  spat ial- f re q u e n c y  at which the MTF dec reases  to one- half its
ini t ial  value . The model used is the Short Exposure Average  MTF. (4) This
model is appropr ia te  b ecause  the Seeing Monitor automat ical ly e l iminates
ove ra l l  image wande r .  Th e pa ra met er a is a ssumed t o be one ( near  f ie l d
approximat ion)  because of the la r g e  ape r tu re  of the telescope.  However ,
the model  dea l s  with the ave raged  MTF whereas  the p roces s ing  actual l y
a v e r a g e s  a si gnal which is p ropor t iona l  to the logar i thm of the spatial  fre-
quenc y at which the MTF on a real izat ion by rea l iza t ion  basis drops to half
its ini t ial  value . The as sumption is made that the spatial- f r equency  ( < f l / z > )
co r re spond ing  to the ave rage  vo l t age  approximate l y equals the spatial  fre-
quency (f 0 ) at which  the short  exposure  a v e r a g e  MTF d e c r e a s e s  to half its
z e r o  f r e q u e n c y  va lue .

Table 1 summar izes  the most si gn i f i can t  c h a r a c t e r i s t i c s  of the ex-
p e r imen ta l  and data p rocess ing  system . These condi t ions  y ield an es t i mat e
of r 0 for  each 10 minu tes  of op era t ing  t ime .  While the data is col lec ted  at
a cen t r a l  waveleng th of 6200 A , the resu l t s  have been scaled with wave-
length to 5000 A.
2. ERROR ESTIMATES

A var ie t y of e f fec ts  a r e  p resen t  in t he  Seeing Moni tor  which  contr i -
bute to e r r o r s  and/ or  u n c e r t a i n t i e s  in the  reduced  data . These  inc lude  f i n i t e
sample size , quant iza t ion , quantum f luctua t ions , in ternal  noise  sou rces ,
te lescope MTF and vo l tage  a v e r a g i n g . Another  impor tan t  a spec t  of th e  data
r educ t ion  is the abso lu te  ca l ib ra t ion  of the angu l a r  s ize  of the  image .  Id ea l ly ,
e r r o r  es t imates  should be associated with each of these  sources .

In the p r o c e s s i n g ,  a r a n d o m vol tage is a v e r a g e d  w h i c h  po ten t ia l l y
has con t r ibu t ions  not onl y f r om t h e atmosph e r e  but also the noise s o u r c es .
A bas ic  ques t ion, i s  the level  of s ta t i s t ica l  si g ni f ic a nce a s s o c i a t ed with the
f init e samp le s i ze .  A s s u m i n g  independent  samp les , theory (5

~ y ie lds  a
v a r i a n c e  of th e sa mp le mean (gi  - see Fi gure  2 ) ,

5. A . Papoulis , P robab i l i t y, Random V a r i a b l e s  and S tochas t i c  P r o c e s s e s
( McGraw- Hill , N.Y. 19 6 5 ) ,  245.

6. D . M idd le ton , An In t roduc t i on  to Sta t is t ical  C om m u n i c a t i o n  Theo ry ,
( M c G r a w - H i l l , N . Y .  1960) ,  426.
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Fi gure 3 . Seeing Monitor  - Theore t ica l  Model. The upper fi gure  approxi-
mates  the Seeing Moni tor  operation and the lowe r one indica tes
the Theore t i ca l  Model assuming  n e a r - f i e l d  cond i t ions .
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SYSTEM CHARACTERISTICS

TELESCOPE: AMOS O BSERVATORY—HALEAKALA , MAUI ,
HAWAII

3KM ALTITUDE

l.22M APERTURE CASSEGR AI N

0.27 OBSCURATION RATIO

19M FOCAL LENGTH

SOURC E: SINGLE STA RS

-4-2 VISUAL MAGNITUDE OR BRIGHTER

NOMINA L ELEVATION OF 60 0 OR GR EA T E R

SE EING 1 MILLISECOND RESOLUTION TIME
MONITOR: 0

6200A CENTRAL WAVELENGTH
0

1200A BANDPASS

TW O CHANNEL SEEING ANGLE OUTPUT

DA TA SUBMILLISECON D A D CO NVERSION
PROCESSING

10 BIT RESOLUTION

13 50 SAMPLES

10 MINUTE CYCLE TIME

MEAN AND V A R I A N C E OUTPUT

THEOR ETICAL SHORT EXPOSURE AVERAGED MTF
MODEL:

G5570 NEAR FIELD APPROXIMATION
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2 .  -where  ‘s is the t rue  s ta t i s t ica l  var iance  and N is the samp le s ize  ( 1  3 5 0 ) .
The samp le v a r i a n c e , v , is an est imate of a 2 . For the data repor ted  h e r e ,
v was almost a lways  less than 1 (vo l t s ) 2 and the samp le mean was typ ica l l y
in the range  ~4 - 6 )  volt s . Hence , the s ta t i s t i ca l  si gn i f i cance  of the ave rage
vo lt age  (o n e si gma)  is bet ter  than ± 1%. Trac ing  this  level of f luc tua t ion
th rough  the ins t rumenta l  cal ibrat ion and theore t i ca l  model~~~ y ields  an es-
t imated  s ta t i s t ica l  si gn i f i cance  in r 0 of be t te r  than ± 2% . In many cases  it
was be t te r  than ± 1%.

I n s t r u m e n t a l  no ise  sou rces  and quantum f luc tua t ions  become si gnifi-
cant  because  of two e f f e c t s .  One is the deg rada t i on  in s ta t i s t ica l  s i g n i f i c a n c e
due to the add i t ion  of a l a r g e  noise  va r i ance  to the total v a r i a n c e  w h i c h  is  not
a d e q u a t ely r educed  by the samp le s ize . The data suppor t s  the c o n c l u s i o n
that  this  does not occur . In addi t ion , a t heo re t i ca l  ca l cula t ion~

3 1 for  qua ntum
fluctua t ion  indica tes  a sing le r e a l i z a t i o n  (one m i l l i s e c o n d )  root  v ar i a n c e to
mean rat io of be t t er  than 1~ o for a second magnitude star . This  value is
well below the ac tua l  ratio seen in the data . The other  e f f ec t  is  an a d d i t i o n
to the ave rage  voltage (i . e . , b i a s )  which is not due to the a tmosp h e r e . As
fa r  as is kn own , this e f fec t  does not o c c u r .

A noise source  which is not a v e r a g e d  b y the sample s ize  is the  quan-
t i za t ion  as soc ia ted  with the data p r o c e s s i n g . This  is rea l l y not no i se , but
r a the r  the p rec i s ion  of the measurement . The ten bit r e so lu t ion  of the
PDP-8 yields a precision in the voltage output of approximately 0.01 volts .
This  in t u rn , for t yp ical condi t ions , y ie lds a p rec i sion in th e r 0 es t imate
of be t te r  than r 1/2% .

More  important than the above e f f ec t s  a r e  unknown s which  c h a n g e
the ca l ib ra t ion  of the system . One of the more impor tan t  of t hese  is the
te lescope  MTF (r 0 in Fi gure 3) ,  In f i t t ing the data to t h e o r y ,  an a b e r r a t i o n-
f ree , clea r ape r tu re  of 1. 2 2  M was a s sumed . This is obvious l y not the  c a s e .
Because  of the low f r e q u e n c i e s  involved , the c en t r a l  obscu ra t i on  of the tele-
scop e does not cont r ibute .  A b e r r a t i o n s  may be important . Har tmann
tes t ing  of the telescope indicates  an 80% encirc led e n e r g y  d iameter  of
(0. 7- 1 . 3) a r c sec with a scatter in the data of approximatel y 0.4 arc sec.
This in format ion  by i tself is not suf f ic ien t  to evaluate the  effect  on the
estimate of r0 because the detailed shape of the MTF is not known. Over
the ~:.~ire experimental period , the maximum averaged one- half M T F
spa t i al - f requency  observed was approximate l y I (arc  sec)  l~ Th is in t u r n
imp lies that the te lescope  MTF had to be at least  0 . 5  at th i s  spat ial- f r e q u e n c y .
Fi t t ing this  value to a Gaussian function and ca lcu la t ing  the 8O~ o e n c i r c l e d
ene rgy  diameter  y ields  a value of 0 .6  a rc  Sec .  While t h i s  value is low , it
is not incons is ten t  with the Hartmann data . Us ing  the same G a u s s i a n  func-
tion to est imate r 0 leads to the result  that a b e r r a t i o n s  a r e  not impor tan t
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( <  10%) for values lower than 13 cm. However , for values of r0 in excess
of 1 5 cm , aberrations could result in est imates  subs tan t i a l ly lower t h a n
actual .  Hence these  la rge  values  should probably only be viewed as lower
bounds .

- 
The theoretical model used to fit the data co r r e sponds  to the spa t ia l -

f requency  at which the averaged MTF with overall  tilt  removed is reduced
to one-half  of its initial value . In pract ice , the voltage ave raged  is log-
ari thml y related to the spa t ia l - f requency  at which sing le , short  exposure
M T F ’  s dec rease to 0. 5 . Clearl y, these two (theory and p rac t i ce )  a r e
d i f fe ren t . Depending on the type of s ta t is t ics  involved and pa rame te r  va lues ,
the d i f f e r enc e could be substantial.  If the voltage s ta t is t ics  a re  assumed
Gauss ian  then

< 11/2 > = 0 .035  e x p [(0~~~6 1 2 
av

2
+ (0 . 4 6 ) < v > ]  ( 2 )

and

2
2 2

______ = exp (0.46) a -l  ( 3 )v

where  K y>  is the average  voltage , a~~
2 is the voltage v a r i a n c e , <f i ,’z> is

the  ave rage  f r e q u e n cy  and a f 2 is the f r equency  v a r i a n c e .  The numer ica l
cons t an t s  a r i se  fr om th e in str umen tal c a l i b r a t ion. Fo r m os t of th e data
reported , the voltage variance was small enough so that its effe ct on the
ave rage  f r eq u e nc y  was less  than 10% ; typ ica lly, in the r ange  of ( 1  ~~~~ - A
s imila r ef fec t occurs  in th e es t imate  of r 0.

Eva lua t ing  the  effect  of f r eq ue n cy  a v e r a g ing  is , in g e n e r a l , com-
pl i ca t ed .  It is re la ted  to the z e r o  c r o s s i n g  p rob lem w h i c h  is c ommon in
s ta t i s t ica l  theory .  (6) However , because  of the  low- f r e q u e n c ie s  i n v o l v e d , a
simp le f i r s t - o r d e r  anal ys i s  can be developed.  At t hese  low f r e q u e n c i e s , t h e
M T F  can be ch a r act e ri zed by the sum of the  a v e r a g e d  sho r t  e x p o s u r e  MT 1-
and a sma ll , mea n - z e r o  f luctuat ion . ( 7) Because  of the small  v a r i a n c e s  in-
vo lved , the averaged  short- exposure MTF at the frequency detected by the
de ’. i c e  f 1/2 in Fi gure  3) can be expanded in Tay lor s e r i e s  about  the  fre-
c~~e n cy  at wh ich  it d rops  to one- half its in i t ia l  va lue (f 0 in Fi g u r e  3 ) .  Th is
y ie lds

7. Actual l y ,  the random f luctuat ion is more  a p p r o p r i a t e l y modeled as
having a small , but non-zero mean (see Ref. 8). However , this should
not s i g n i f i c a n t l y e f fec t  the f i r s t  o r d e r  ana ly s i s .

8. D. K o r f f , G . Dry den and M. G . Mi l le r , Opt ics  Comm . 5 , 187 ( 1 ° 7 2 ) .
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dr ( f
1/ 2 ) 0 .5 <T SE ( f

l / z
) >  + (f 1/ 2 ~ f0

)~~~ <T SE (f
l/ 2 ) >

+ ~ (f ~~~2~ f0 ) 2 
<~s~ U~ > + . . . .  ( 4 )

+ ~~(f
112

)

w h e r e  A is t h e  m e a n_ z e r o  f l u c t u at i o n .  Av e r ag ing t h i s  r e su l t  an d  m a i n t aj n j n ~te rn- is t h r o u g h  second o r d e r  y i e ld s

2
2 <7 SF ( t ) >

I <f > + 
112 f0 ) >~ df 2

~~~~~~ 
+ . . . .  ( 5 )0 1/2 2 ( f ) >df ” SE o

C a r r y ing out the indicated averages and deriva tives yields

f < f 1~~2 > I - ( 1/4 ) a f /< f 1/ 2 >~~ I t

Assuming the Gaussian model of Eq. (3) yields a maximum effect of lO~wit h typ i c a l  va lues  of less  t han  ~~~

A number  of o ther  e f f ec t s  can a l s o  c au s e  u n c e r t a i n t i e s  in the svsten-~c a l i b r a t i o n,  These  inc lude  defocus , e r r o r  in the va lue  of the  t e l e s c op efocal  l eng th , m ec h anica l , opt ica l  and e lec t ron ic  rn i sal i g n men t s  of t he  in-s t rumen t  and the a s sumpt ion  of near  field tu rbu lence . However , none ofthese  are  Considered  to be si gni f icant ,

It would be v e ry  des i rab le  to have an independent  m e a s u r e  of irna~~s ize  (o r r 0 ) to provide a check on overa l l  sys tem c a l i b r a ti o n .  Th i s  is ofparticula r intere st because the laboratory calibration (3) was done againsta pinhole image which is substantiall y different than an atmosp hcr ical1~.degraded image . In add i t ion , the l abora tory  measurement s indica ted  anin te rna l i nc o n s i st e n cy .  Unfor tuna te l y ,  no red uced , co mpara t ive  data ex i s t .Whi le  some po ten t i a l l y compara t ive  speckl e i n t e rfer o m et r y  data exis t , ithas not y et bee n red u ced . Onc e the RTAM becomes opera t i ona l it m a y
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also be possible to obtain true simultaneous and independent estimates of
the half-  MTF f requency  under identical c onditions.  However , thi~. will not
provide a complete system (including telescope) cal ibrat ion.  Data col lect ion
against  p lanets  could provide such a calibration , at least for the large image
sizes that would be involved.

In s u m m a r y ,  the s tat is t ical  si gnif icanc e of a g iven value of r 0 is
est imated to be be t te r  than * 2% with a prec is ion  of bet ter  than ± 1/2%.
Known and estimated e r r o r  sources  y ield a maximum uncer ta in t y in r 0 of
10% with 5% being more  typ ica l .  Because  of te lescope a b e r r a t i o n s , l a r g e
values  of r 0 ( > 1 5  cm) may onl y r ep resen t  a lower bound . A potential l y
ma jo r  u n c e r t a i n t y  in the resul t s is the absolute  cal ibrat ion of the ent i re
sys tem.  However , ex is t ing  and ant ic i pated data may be able to provide an
independent  m e a s u r e  of the co r r e l a t i on  scale .

3. RESULT S AND CONCLUSIONS

Dur ing  the  period 11 November 1975 to 13 Jul y 1976 , Seeing M oni t or
data was co l lec ted  on t w e n t y - f o u r  ni g h t s .  Th ese da t a a r e  su mm a r i z e d  i n
A pp end ix  A . Table A- 1 g ives  the dates , co ll ec t ion pe r i o d , num b e r  of poin t s
and  t h e mean a n d r ange  of r 0 at 5000 ~ for  each data run .  The va r ious
g r a p hs in the Appendix g ive the temporal  behavior  of the data r u n s . In total ,
228 data point s were  col lected.

A var ie t y of temporal  behavior  a r e  seen in the resu l t s . Th is  r a n g e s
f rom almost a constant  va lue of r0 over a th ree  hour period to l a r g e  fluc-
tua t ions  between point s separated by twenty minutes . Ext remes  of t h i s  t ype
of behav io r  a r e  shown in Fi gure  4. The data of 6 December 1975 is essen-
t i a l l y cons tan t  ( i . e . ,  less than 5% var ia t ion  about the mean)  whi le  tha t  of
8 December  1975 shows l a rge  f luc tua t ion  (almost ± 30 %) .  M ore  ty p ica l l y ,
v a r i a t i o n s  ove r a g iven data run a r e  less than ± 20%.

A n o t h e r  type  of behavior  seen were  t r ends  towards  i m p r o v i n g  (in-
c r e a s i ng r 0 ) and d e g r a d i ng (dec rea s ing  r 0 ) co nd i t i ons .  Examp les of th i s
a r e  shown in Fi g u r e  5. On 8 Jul y 1976 , except for  severa l  point s , seeing
cond i t i ons  d e g r a d e d  in essent ia l l y a monotonic fashion from a hi g h of
1 1 . ~ cm n e a r  th e beg i n n i n g  of the  run to a low of 8. I cm near  the  end of t h e
run , a v a r i a t i o n  o f ( +  21 % , - 16%) about the mean value . Jus t  the  opposite
e f f e c t  o c c u r r e d  on 12 Jul y 1976 . During this t h r e e  hour run , r 0 c ha n g e d
f r o m  a low of 7 . 6 cm near  the beg inning of the run to 14.4  cm n e a r  the end
of t he run , a v a r i a t i o n  of (- 32% , + 30%) about the mean value . A ga in , the
t r e n d  ( t o w a r d s  improved  see ing)  is reasonabl y monotonic .

The total  data sample is summarized  in Fi gure 6. The mean value
of the 228 member ensemble is 9. 6 cm with a s tandard  devia t ion of 2 . 2  cm .
The range  of measurement s were  f rom 5. 3 to 17.8 cm . Thi r teen  percen t
of the values lie below 7 . 5 c m  and ei ghteen percent  a re  above 11. 5 cm .
Th e s t r a i g ht line in the fi gure  is a theore t ica l  Gaussian d i s t r i bu t ion  wit h th e
empi r ica l  mean and var iance . As can be seen , the fit is quite r easonab le .
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Anothe r  i n t e r e s t i n g  aspect  of the data is the  level  of f luc tua t ion  seen
in the output vol tage d u r i n g  a g iven ten minu te  col lect ion cycle .  If the s ing le
f r a m e  MTF is modeled as the sum of a l o w - f r e q u e n c y  d e t e r m i n i s t i c  por t ion
(i. e. , ... ave raged  short  exposure  M T F )  and a R a y l e i g h dis tr ibu ted ra n dom
f luc tua t ion  which is band l imi ted  by the  te lescope ape r tu re , (8) then  the
va r i ance  of the MTF is con t ro l l ed  by the l a t t e r  t e rm  and is propor t ional  to
(r 0, - ’D) 2 . T r a c i n g  this  th roug h the data p roces s ing  y ields  the  conclus ion ( 9 )  tha t
if the a tmosp here  is t ru l y s ta t iona ry  d u r i n g a collect ion cycle ( i .  e. , c o n s t a n t
r 0 ) , t he output  vol tage should have an a tmosp her ic  induced v a r i a n c e  of no
more than  0. 1 (vo l t s )2 . In the data , va r i a n c e s  of thi s s ize  o c c u r r e d  less
than  10% of the t ime .  Approximate ly 40% of the samples have v a r i a n c e s
between ( 0. 1 - 0. 2) and ano the r  30% have  v a r i a n c e s  be tween  (0. 2 - 0. 3 ) .
The a v e r a g e  va r i ance  for  the en t i r e  data set is app rox ima te l y 0. 25 ( v o l t s ) 2 .
For the data of Fi gu res 5 and 6, t he run  a v e r a g e d  v a r i a n c e s  a re  0. 2 fo r
6 December , 1 .4  for 8 December  and 0. 15 for  8 and 12 Jul y. The l a r g e  v a l u e
of 8 December implies that  l a rge  f l uc tua t i ons  w e r e  also o c c u r r i n g  w i t h i n  a
ten minute collection period.  While some port ion of the m e a s u r e d  v a r i a n c e
is probab ly due to noise , theory  and the observed min imum va lue  imp l y tha t
t he noise  con t r ibu t ion  is no more  than 0. 05 (vo l t s ) 2 . Hence  the data  s u p p o r ts
t he conc lus ion  tha t  a tmosp h e r i c  n o n - s t a t i o n a r i t y  e f f e c t s  occur  much  of the
ti me with  a c h a r a c t e r i s t i c  scale of less  t h a n  ten  m i n u t e s .  S imi la r  c o n c l u s i o n s
have been repor ted  e l sewhere .  ( 1 0 )

9. Gaussian voltage s t a t i s t i c s  are  assumed .

10. D. Karo and A. Schneiderman , J. Opt. Soc. Am. 66 , 1065A ( 1 9 7 6 ) .
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IV . STAR SENSOR DATA

1. GENERAL

The Star Sensor is a variable spat ia l - f requency photometer which
scans  the scinti l lation pa ttern in the aper ture  of a 36cm te lescope  and pro-
vides  a measure  of the aper ture  averaged  log-ampli tude v a r i a n c e  and the
log-ampl i tude  var iance  associated with a speci f ic  s p a t i a l - f r e q u e n c y  which
is var ied  as a funct ion of time . The assumpt ion  of a t h e o r e t i c a l  model
allows these data to be interpreted in terms of the s t reng th  of the turbulent
f luc tua t ions , Cn 2 , at seven d ifferent  levels in the uppe r a tmosphe re .  In
addi tion , the aper ture-ave raged log-amplitude var ianc e is avai lable  as an
output. A comp lete data col lect ion cycle requi res  approximate l y twenty
minutes  yielding a reduced prof i le  at the end of this  t ime per iod.  A more
comp le te  d e s c r ip tion of this devic e is given in Ref .  i i  and 12.

During the period 11 Novembe r 1975 to 13 July 1976 , op e r a t i o n s  w i t h
th i s  i n s t r u m e n t  were  ca r r i ed  out on t h i r t y -one  nig h t s .  Valid p rof i l es  w e r e
obtained on twenty-seven occas ions  and sc in t i l la t ion  data onl y on an a d d i t i o n a l
t h r ee .  A summary  of these da ta a re  given in Appendix B. Inc lude d a re  the
average  and range of scint i l la t ion , the complete set of valid t u r b u l e n t  p r o f i l e s
and g r a p hs of the nig htl y averaged  prof i les .

2. TURBULENT PROFILES

As shown in Table 13-1, a total of 229 turbulent profiles have been
obtained.  Of these , 24 are not valid because of mechanica l  r r e t l func t io n s  or
s a t u r a t i o n  of the photomultiplie rs , leaving a to ta l  of 205 fo r  w h i c h  the i n s t r u -
ment  was apparent l y operating cor rec t l y.  The data p r o c e s s i n g  is such tha t
each  24 sec an average  value of the ape r tu re  averaged  l o g - a m p l i t ude  v a r i a n c e
is obta ined and recorded .  Dur ing  the twen ty -minu te  cyc le  r e q u i r e d  to c a r r y
ou t t h e com plete spatial  f r e q u e n c y  scan , approximate ly fo r ty  such va lu es
a r e  accumula t ed .  A fina l s tep in the p rocess ing  (be fo re  d e t e r m i n a t i o n  of
the p r o f i l e )  is to calculate the mea n and s tandard deviation to mean ra t io
for this forty member ensemble. This latter quantity is a measure of
seve ral e f fec t s .  Two of the more impor tan t  a re  n o n- s t a t i o n a r i t y  of the
tu rbu len t - s t a t i s t i c s  and the existence of cloud obscurat ion dur ing  a pro t ior t
of the data run. Both of these effects have serious consequences in the

11. G.R. Ochs , R.S. Lawrenc e, T. Wang and P. Zieske , SPIE Proceedings
75 , 48 (1976) .

12.  G. R. Ochs , T. Wang , R .S .  Lawrence  and S. F. Clifford , Applied Optics
15 , 2504 ( 1 9 7 6 ) .
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profile determination because they can cause the data collection condit ions
to change substantially during a cycle and violate one of the basic assump-
tions of the theoretical  model. Hence a large  value of the standard deviat ion
to mean ratio indicate s a profile of questionable s ign i f i cance .

For operationa l pu rposes , a value of this rati o in excess of 0. 2 has
been established as unacceptably high . Based on this c r it e r i a , 79 prof i les
were  eliminated leaving a total of 126 col lected du r ing  the period on t w e n t y -
seven nights . These are tabulated in Table B-Z and include the data , start

time of each cycle , elevation angle , the seven reduced values of Cn
2, (at

nominal altitude s above the observatory of 2 . 2 5 , 3 .75 , 5 . 2 5 , 7. 5 , 9 . 7 5 ,
12 . 7 5 , and > 1 4 . 5  km) , the tw enty minute mean log-amp litude va r i anc e and
the s tandard deviation to mean ratio.  As an indica t ion  of the relat ive amount
of non - s t a t i ona r i t y ,  the rat io of the number of valid p rof i l es  to the total
collected (y ield)  is included in Table 13- 1. Graphs of the nig htl y a v er a g e of
the valid prof i le s are  also included in the Appendix. While , in fact , the
in s t rumen t  calculates a value appropria te  to an al t i tude range , the result s
are  plotted as a funct ion  of the peak of the variou s weig hing funct ions  used
in the theory . ( 1 2 )  Because of the small  zenith ang les involved , the c a t a

has not been co r rec t ed  for  this e f f e c t .

Several i n te r e s t ing  propert ies  can be seen in the r e su l t s .  For ma ny

of the profi les  lower values of Cn 2 , a re  in dicated at in t e rmed ia te  levels .
Howeve r , these levels also tend to f luc tuate  more  rapidly in t ime and have
relat ively g rea te r  magnitude va r i a t ions  than the hig h and low levels .  Not
onl y do the resul ts  vary substant ia l ly f rom nig ht to night  but l a rge  c h a n g e s
also occur du r ing  a s ing le nig ht.  Noticeable change s are  seen in some
cases  be tween two prof i les  ad j acen t  in time . Examples of this  are  shown
in Figures  7 and 8.

In Figure 9, the a v e r a g e  prof i les  for  each month in which data was

collected are  shown. Ag ain , they a re  plotted as a func t ion  of the nomina l
altitudes. The numbe r of profiles averaged for each curve varies as a

r e su l t  of the vary ing amount of data collected du r ing  each month .

3. SCINTILLATIO N DATA

Measuremen t s  of the a p e r t u r e  av e r a g e d  log-amp litude v a r i a n c e s
wer e obtained on th i r t y  nig hts  d u r i n g  the expe r imen ta l  period . Table h - i
summa r iz e s th ese data g iving the date , expe r imenta l ti me pe r iod , numbe r

of samples and the mean and var ianc e of the t w e n t y  minute  ave rages  obt ained
on each occasion . Because most of the data was col lec ted  at z*~nit h ang les of
less than 300 , corrections were not made for this effect. The mean value
for  the ent i re  218 membe r ensemble is 5 .85  x ~~~~ with a range  of ( 1 .  -

2 8 . 3 ) x io~~.

To provide a more deta i led  look at the st a t i s t i c s  of sc i n t i l l a t i o n ,
the complete set of 24 second (as  opposed to the 20 minute data of Table
B - i )  log-amplitude variances taken during the sing le fou r hour run of
18 November 1975 has been analyzed as a sing le ensemble . The r e su l t i ng
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his togram and cumulative probability density are shown in Figures  10 and 1 1 .
This ensemble contaii~s 534 points and has a mean and root varianc e of 3. 76
x i ü-~ and 0 . 9 3  x l0~~~, respect ively .  The smooth curves  represent  a
Gaussian distr ibution with mean and variance equal to the empir ical  va lues .

4. STAR SENSO R - SMALL APERTU RE PHOTOMETER COMPARATIVE DATA

In order to obtain direct and simultaneous observations of the log-
amplitude var iance , the photometer system on the AMOS b -29  te lescope
was equipped with an equivalent 36cm aper ture  to cor respond  to that of the
Sta r Sensor.  A cent ra l  obscura t ion was not used , but thi s should be onl y
a small e f f ec t .  The b -29  data was reduced using the PDP-8 data p r o c e s s i ng
sys tem.  Operat ions  were ca r r i ed  out dur ing nine nig h ts .  On two occas ions
(26 Nlay and 9 June 1976) synchronou s twenty-fou r second average variance s
were obtained . The rest of the data corresponds to 10 mm averaged b-Z9
data taken within the basic 20 mm cycle of the Sta r Sensor.

The comple te data set is g iven in Figure 12. If the a g r e e m en t  w e r e
pe r f ec t , a ll data would lie on the solid l ine .  The dashed l ines ind ica te  a
f a c t o r  of two d i f fe renc e in the measu remen t s .  While the re  is some disper-
sion in the data , the a g ree men t is r easonably good.

One effect  which is not accounted for in the data of F igure  12 is the
contribution due to noise. To investigate this effect , b-29 data was take n
at a va r ie ty  of bandwidths .  The results  of one such data run  ( t aken  on
26 M a y )  is shown in Figure 1 3. A ssuming the noise is due to photoelec t r o n
f luctuat ions  and that the bandwidth of si gni f icant  a tmospher ic  f l u c t u a t i o n s
is below 1000 Hz (and stationary), the hig he r  bandwidth data should be des-
cribable by a constant plus linear frequenc y term . The smooth curve in
the f i gu re  r epresen t s  a least  squares fit  of thi s model to the  th ree  wide
bandwidth data points .  The fit is very good (be t ter  than 5~ o ) .  This resul t
implies that  the noise contr ibut ion to the b-29 data is approximately 2 x l 0~~~.
Similar  resul ts  were  also obtained on the nig ht of 9 June , however , there
was  more dispersion in the data . Subtract ing thi s level of f luc tua t ion  f r o m
the b-29  data would place most of the points to the left  of the solid lin e in
Figure 12. There is , of course , also a noise contribution to the Star Sensor
data . Assuming this to be of order i O - ~~, one-half  of the der ive d b -2 9  n o i s e .
was subtracted f rom the data and the 24 sec ave rage  data rep lot ted.  The
results  are given in F i g u r e  14. It should be noted that the ‘ ad jus tment  was
derived f rom one data set , but fits the other data set equall y well.  As can
be seen from this fi gure , most of the data lies quite close to the equal rnagni-
tude solid line . The dashed lines represnet  a~~ l 0% d i f f e rence .  The maximum
difference seen is ( + 2 7 . 8 , -27.  4)~~.

The conclusion that can be drawn f rom this anal ys is  is that the S ta r
Sensor log-ampl i tude  varianc e has a noise contribution of order  i0~~~. An
independent  set of noise evaluation tests carried out on the Star Sensor
(and reported in the next section) indicate that for the ope rating condit ion s
of these experiments, the noise level is no larger than 0.5 x 104 . Whih.
there is a discrepancy of approximately a factor of two , the combined
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Figure  13. b -2 9  Photometer  Data - B a n d w i d t h  D e p e n d e n c e .  The smnoot },
c urve is a l e a s t - s q u a r e  f i t  of a + bf to the thrc - highest
bandwidth points.
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results certa inly established considerable confidence in the basic operation
of the Star Sensor, particularly when the measured log-amplitude variance
is significantly above a va lue of (0. 5-1 .0) x i0~~ .

5. NOISE EVALUATION TESTS

To provide for a direct estimate of the Sta r Sensor noise c h a r a c t e r i s t i c s ,
a second and different set of measurements were carried out. For these
experiments , a low voltage light bulb was connected to a regulated DC power
supply and located such that it illuminated a portion of the diffuse , white
interior surface of the dome . The Sta r Sensor telescope was pointed at the
illuminated dome , the t rack ing  motor was turned off and the mount was locked
in position . The ins t rument  was operated with photomultiplier voltages and
outputs typ ical  of the range of condit ions seen during s te l lar  opera t ions .
A laboratory photometer was located near the light source and i ts  analog
output was connected to the PDP-8 data processing system to provide a
measure  of the i l lumination f luctua t ions .  AU other lig hts were  turned off
and personnel  were  excluded f rom the dome dur ing  period s of data  col lection.
Data was collected on six nights over a period of two weeks with the spa t ia l -
f requency  scanning motor both on and off.

The results of these measure ments are  shown in F igures  15 and 16.
E ( l )  is the va lue of the total apera ture  log-amplitude var ianc e while  E ( 2 )  is
the log-amplitude varianc e associated with the spatially f i l t e red  signal ( i . e .
the data required for profile reduct ion) .  E(3)  is the ave rage photomult i p li e r
output (in a rbi t rary units ) and the voltage give n is that applied to the photo-
mult ipl i e r s .  The straight lines in Figure 15 r epresen t  a l e a s t - s q u a r e s  f i t
to form

E ( Z )  = A e bV [ E (3 ) ] ’ + C ( 7 )

The inverse  proport ional i ty  to E(3)  is cons i s t en t  with an i n s t r u m e n t a l
noise d ominated by photoelectron f luctuat ions.  The constant  t e rm  is a s sumed
to be a contribution due to the light source. In the l eas t - square  fit severa l
points which obviously did not fall close to the strai ght line w e r e  e x c l ut h d .
The data actual ly plotted has been reduced by the empi ri cal l y der ived  c o r i s t a r t
value. As can be seen , the fit is quite good except for  a few points . The
empir ical  f i t g a v e  A = 6 . 7 5  x 10 6 and B 0. 01037.

The assumed source contribution ( C)  was found to be in the r a n g e
( 1-3 )  x l0~~ except for  the data taken on 25 August  which was of o rde r
5 .5  x i0 5. The lower values are consistent with the e s t i m a t e s  obta ined
from the photometer .  There was indications that due to unknown causes ,
line voltage in the dome was low and variable during the nig hts  of 2~ and
25 August which could have effected the light source and/or the Star Sensor
and resulted in a higher level of noise. This level of source noise could also
explain the higher dispersion in the data at low voltage and high E(3).

The straight lines in Figure 16 also represent a least-square f i t  to
the model given in Eq. (7) .  This fit  gives A = 2.47 x 10~~ and B = 0. 0 l 0 7~~.

40 

- - -  --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



I I I I

i6~ 

zi
x~~~~~~~~~~~~~~~ 

~~~(N 0 A A ) 900

— 
+

I6~ 

~~~( N0AA ) 800

100 1Q00 
~— ( N 0AA) 700

66190 AVERGE PM OUTPUT E(3 )
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The empirical values  of C were  much smaller  (below l 0-~~) and henc e were
set to zero .  This inc ludes  the data of 25 August  which showe d re la t ive ly
hig her  levels in the values of E ( 1) .  As can be seen , there  are also fewer
points well  off the curves  than in F igure  15. All of t h e s e  observa t ions  a r e
very cons i s ten t  with the in te rp re ta tion of the cons tan t  f ac to r  as a lig ht
source  f luc tua t ion .  The reason  for  this is tha t E ( 2 )  is der ived  f rom the
d i f f e r ence  in outputs of the two photomultipl i e r s , each col lec t ing approx-
imate ly one -half of the lig ht. Hence , any ove rall te mpora l (but spatiall y
s t a t i ona ry)  f luctuat ion in the illumination should cance l .

Ano the r  issue is the spatial  un i fo rmi ty  of the i l luminat ion .  If thi s
e f f e c t  w e r e  p resen t , E ( 2 )  might indeed be measu r ing  a real  spatial  v a r i a t i o n
which should have var ied  as the spatial  f r e q u e nc y  was  changed .  No ev idenc e
of this was seen as is indicated by the data taken with the f i l t e r  dr ive motor
on .

E x p e r i m e n t s  s imilar  to these w e r e  c a r r i e d  out by ~~~~OAA be f ore  t h e
i n s t r u m e n t  was  shipped to AMOS and a noise cancel la t ion rout ine  was  pro-
g rammed into the sof tware .  Only a voltage depende nc e was inc luded.  The
nume rical value s a r e  indicated in the f igu res .  The c o n s t an t s  (b i  a r e  q u i t e  c l o s e
( 0 . 0 1 1 0 3  for  E (2 )  and 0 .0 126  for  E ( 2 ) )  but the overall  level  of noise  is some-
what hi gher in the p resen t  exper iment .  While there  is no def in i t e  exp l a n a t i o n
for  this , it c ould be a t t r ibu ted  to a var ie ty  of causes  inc luding  d i f f e r e n t
opera t ing  environme nt , ag ing ,  etc . However , the i l l umina t ion  level depend-
ence found in the present  experiment s was expected and probabl y should be
incorpora t ed  into the noise cancellat ion rout ine.

Complete twenty minute cycle s w e r e  also run , r e s u l t i n g  in t u r b u l e n t
prof i les  der ived in this exper imental  conf igura t ion .  While d i f f e r e n c e s  a r e
seen in p ro f i l e s  taken in sequence , insuf f i c iei~t data exist  to ob ta in  a r e a l
es t imate  of the e r r o r s  associated with the C~ values .  Sub jec t ive  in p r e s s i on s
tend to support  a ±10°~o accuracy  but a more comp lete theore t i ca l  and , or
exper imenta l  assessment  is required to establi sh any f i r m  conc lus ion .

A roug h est imate of the range of rel iable opera t ion  of the Star Sensor
can  also be obta ined f rom these resul ts .  The opera t ions  c a r r i e d  out ove r the
past yea r  were  surveyed to obtain an estimate of opera t ing  condi t ions as a
funct ion  of s t eUar  magnitude . The results  for app lied PM voltage vs .
magnitude are  given in Figure 17. The ope rating range for  E ( 3 )  was typ i ca l l y
( 6 0 0 -9 0 0 ) .  These resul ts  imply that a magnitude 3 s t a r  would requi re  an
opera t ing  voltage of 900 V while a magnitude 4 sta r would require 1000 V
(maximum allowed). The results of Figure 15 indicate tha t  fo r  the E ( 3 )
operat ing range the noise contribution to the tota l log-amplitude va r i ance  would
be ( 1 . 4 - 2 . 1 )  x i 0~~ and ( 2 . 4 - 3 . 6 )  x i 0 4 for  a magni tude  3 and 4 sta r ,
respect ively. These values are  within the range of measured  atmospher ic
log-amplitude var iances .  While the data reduction software doe s s u b t r a c t
out the estima te d noise cont r ibu t ion, an experime ntal resul t  which has a
spuriou s contr ibut ion of magnitude equa l to that  of the signal shoul d be
viewed with caution . This is pa rticularly true of the Star Sensor because
a comp lete evaluation of the ef fec t  of noise on the profi le  is not yet available .
Therefore , for operational purposes , the threshold for useful data has been
set at stellar magnitude 3 to 4.
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V. METEOROLOGICAL DATA

The .A~\.1OS Observa to ry  is equipped with two 18-mete r towers  ins t ru-
mente d with routine met eo ru iog ical  ins t rument s and m i c r o t h e r m a l  p robes .
Some of the meteorological  data is n e c e s s a r y  for the reduc t ion  of m ic ro -
thermal  and acoust ic  sounde r data . In addi t ion , routine measu remen t s  a r e
des i rab le  for  es tabl ishing the g r o s s  meteorology of the site . While  some of
this la t te r  data hs been collected and will be in the fu tu re , r e su l t s  a re  not
repor ted  h e r e .

Mounted on each tower  is a t r iad of mic ro thermal  probe s with  a
nominal one meter  separa t ion .  The analog outputs f r o m  these  p robes  a r e
connected to the PDP-8 data p rocess ing  syste m which c a l c u l a t e s  a mea n ,
va r ianc e and c ovariance matr ix for  each a r r a y .  The la t ter  two q u a n t i t i e s
a re  r equ i red  for  the ca lcula t ion  of CT 2 and C~~

2 va lues .  For all data r e p o r t e d
the a v e r a g i n g  time was set at approximate ly 10 mi While  six va lues  a r e
calcula ted , one is p r e f e r r e d .  The se l ec tion  was  based  on t~’.e probe  p a i r
whose axi s was c loses t  to normal  to the wind d i r e c t i o n  on the w in d w a r d
tower .  The f i r s t  r equ i r emen t  is based on geomet r i ca l  c o n s i d e r a t i o n s  while
the second is to avoid a potent ia l ly t u r b u l en t  wake due to the obse rva to ry
domes.  Howeve r , an often ove r r id ing  c o n s i d e r a t i o n  to pai r  se lec t ion was
an obviously broken sensor .  If this occu r r ed , the s ing le act ive pai r  r ema in ing
on the windward  tower was used .

Whi le  data was colle c ted on a number  of occas ions , only tha t  obta ined
dur ing  Novembe r and Decembe r of 1975 is repor ted.  There were  severa l
reasons for  this .  One is that this per iod  r ep re sen t s  a major  data col lec t ion
e f fo r t  while the 1976 measurements  were  more rout ine . More  i m p o r t a n t l y,
was the fa i lu re  of the acoust ic  s ounder to provide r educed  data.  Wi thou t
the addi t ional  profi l ing device , a sing le value of Cn1 at ground leve l was
jud ged to be of m a r g i n a l  s ignif icance , pa r t i cu la r ly  whe n viewed re la t ive  to
maintenance  and manpower r equ i r emen t s .

Appendix C summarizes  the data . Table C - i  give s the da tes , t ime
pe riod , number of samples and mean va lue and range  of the reduced C n 2
values .  The g raphs show the temporal behavior of the reduced data . Foi ,
the to ta l  data set of 143 points , the mean valu e of C~~

2 is 5 . 2 6  x i0~~~ ~~~~~~
As can be seen f rom the various fi gures , temporal  behavior  varied from a
relat ive ly constant  value over a three hour period (17  November)  to fluctuations
over a simila r time period of almost a factor  of 10 (19 and 2 1 Nove rnber~ .
One run ( 14  November)  show a tendency towards i n c r e a s i n g  values  of Cs’-
whi le  one run (6 December )  shows a tendency  towards  d e c r e a s i n g  values
of C n

2 . However , the ex is t ing  data set is not s u f f i c i e n t  to e s t ab l i sh  any
f i r m  conclusions r e g a r d i n g  these  types of e f f e c t s .  When compared to
d i r e c t  optical  data , no obvious co r re l a t ion  is apparent .
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Also included in the Appendix is gross meteorological  information
obtained from radiosonde data of the U . S .  Weather  Bureau at 1-lilo , Hawaii ,
a distance of approximately 100 miles southeast of AMOS . The launch
time was 0200 HST and the dates indicate the mission date as given in
Table B-Z. The existence of an upper atmospheric disturbance from
17 November to 23 November is indicated by the presence  of a jet  s t ream
at approximately 12 , 000 M (thi s jet is usually found far the r north ) and the
replacement of the usual northeast  trade winds by roughly southwest winds
at altitudes below 12 , 000 M. While detailed studies of the correlat ion of
this type of data with optical data has not been carried out , some comparisons
have been made and are reported in Section VI .
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V I .  DATA COMPARISONS

1. GENERAL

In this sec t ion  a number  of compara t ive  s tud ies  of the data arc  re-
por ted.  Several types a r e  inc luded .  The f i r s t  is a d i r ec t  compar i son  of
optica l p a r a m e t e r s  with theore tica l  values  ca lculated  on the bas i s  of the
empir ica l  turbulenc e prof i le  in fo rmat ion .  Others  inc lude  Seeing Monitor-
Star Sensor non- s ta t ionari ty  and v a r i a b i l i t y ,  ex p e r i m e n t a l  vs t h e or y  and
compar i sons  with other  exper imenta l  data r epor ted  in the lite r a tu re .  In
general , the data appears  to be consiste nt in some aspects but with poor
ag reemen t  between the profi le and direct  op tical m e a s u r e m e n t s .

2. TURBULENCE PROFILE

Turbulenc e prof i les  averaged  over the comp lete data  runs  t a k e n  on
17 , 18 and 21 November  1975 a re  shown in Figures  18 , 19 and 20. T}~e
lowest  al t i tude data points were  obtained f r o m  the g round  based n i i c r o f t cr n~~ l
s e n s o r s  (A ppendix C).  Data f rom 37 rn to 2. 5 km was  p r ov id e d  by NOAA
f r o m  a reduct ion of a i rborne  microtherma] .  data they collecte d using an
ins t rumented  li ght a i r c r a f t .  ( 1 1 )  The line segments  f r o m  1 km to 24 km
were  derived f rom Star Sensor prof i les  (A ppendix B) and r e p r e s e n t  the
approximate  widths of the weig hing funct ions  used i :~ the data  r e d u c t i o n . ( l )
The hor izon ta l  scale  is in hei ght ( m e t e r s )  above the o b se r v a t o r y .  The trop-
opa u s e  h ei ght was es t imated  f rom the t e m p e r a t u r e  p ro f i l e s  obta ined  f rom t h e
U. S. W e a t h e r  Bureau (A ppendix C) .

Va lues  of r0 and a 1
2 ( point  ape r tu r e)  w e r e  c a l c u l a t e d  f r om  t h e s e

p rofiles using the express ions  (4 ) ,  ( 1  3)~

r [0.42 ( 2 r / X )2f  d h  C 2 
(h]

path

= 0. 56 (2~ /X ) Z f d n h5’6 
C

2 
(h)

path

13. R. S. Lawrenc e and J. W. St r ohbehn , Proc . of IEEE 58 , l~~2~ ( 1  
~~~) .
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m i c r o t h e r rnal  da t a ( [T ) ,  a i r b o r n e  m i c r o t h e r m al  data (~f ) ari d
Sta r Sensor  data ( i ~—i ).  E s t ima ted  t ropopause  hei ght  of
1 1  to 1 5 . 5  km.
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The calculat ion was c a r r i e d  out (at  RADC ) on a Hewlet t  Packa rd
9810 desk top calculator  using a 45 point Riemanri  sum in the reg ion  be-

4 tween 15 m and 25 k. Where exper imen ta l  data over laps , th e St a r  ~ en s o r
res ul ts  were  used. All resu l t s  a re  scaled to a wave length  of 5000 A and
a r e  given in Table 2.

Compara t ive  values of r0 and a1 2 ( D = 36 c m )  a re  g iven  in
Table 3. Profile values of a1 2 ( D 36 cm)  were  obtained f rom the ro -
sui ts  of Table 2 b y multiply ing by the theore t ica l  a p e r t u r e  ave rag ing
fac to r of 0. 019. ( 1 4 )  The Seeing Monitor  values a re  sli ghtl y hig h er t han
those  repor ted  in Appendix A. The reason for  this is two - fold. The f i r s t
is that  all values were  co r rec t ed  fo r  zeni th ang le and the secon d is tha t

- 
- each value of r0 was reduced to the equivalent  value of the C~~

2 i n t e g r a l
b e f o r e  ave rag ing  to obtain a more d i r ec t  compar i son  with the p r o f i l e  in-
fo rmation.  Table 3 also includes the fac to r b y wh ic h th e r 0 p r o f i l e  inte-
gra l  would have to be multiplied to obtain a g r e e m e n t.

Com p a r i s o n s  between Star Sensor  p r o f i l e s  and the d i r e c t  m e a s u r e  -
meri t of ai 2 h ave bee n ca r r ied out by NOAA. ( 1 5

~ The r e su l t s  a r e  g iven in
Fi gure  21. These  two values a r e  independen t  b e c a u s e  except  fo r  a r i t i n o r
n o rma l i za t i on  p roceed ure , t he m e a s u r e d  log-ampl i tude  v a r i a n c e  is no t  u s ed
in the p ro f i l e  data reduct ion .

As can be seen f rom these  resu l t s , a g r e e m e n t  b e t w e e n  the  pr ef i . 1t.
and See ing Monitor data is not good. A poss ible  exp lana t ion  f o r  th i s  is
tha t  si gn i f i can t  amounts  of t u r b u l e n c e  was missed b y t he  p r o f i l in g  ins t ru -
menitation. Assuming  this to be the ca se , the good a g r e e m e n t  of the  s c m  -

t i l la t ion data would indicate  that  the mis s ing  t u r b u l e n c e  is at low a l t i t u h
It shoul d be noted that the low alt i tude a i rborn e data  was  not  t aken  d i r e c t l y
over  the obse rva to ry  b ut ove r a region on a lower  p o r t i o n  of the  m o u nt a in .
T h e r e f o r e , the data obtained may not be r e p r e s e n t a t i v e  of c o n d i t i o n s  at the
obse rva tory  beca use the re la t ive dis tanc e to the g round  was  g r e a t e r .

Th e r equi r ed i n c r e a s e  of th e C~~
2 in t eg ra l  to b r i n g  the t w o  v a l u e s

in to  ag reemen t  could , fo r exam ple , be accou nted  for  b y a t u r b u l e n t  l ay e r
of o rder  20-80 m e t e r  th ick  of ave rage  s t r e n g t h  C ,-~2 ~~~~~ ~~~2/~~• T he s e
va lues  a re  not u n r e a s o n a b l e .  I f such  a l ay e r  e x i s t e d  in the f i r s t  300 m e t e r s
above t he o b s e r v a t o r y ,  it cou ld have  been seen by the  a c o u s t i c  s o u n d e r .  U i ~-
f o r t u n a t e ly, q u a n t i t a t i v e  r e d u c t i o n  of t h i s  data was  not  s u c c e s s f u l .

The poss ib i l i ty  tha t  spa t ia l  v a r i a b i l i t y  of t u r b u l e n c e  is a p o t e n t i a l
cause  of t he d i s c r e p a n c y  is  cl e a r l y d e m o n s t r a t e d  by t he da ta  of F i e u r e s
22 to 24. These  p r o f i l e s  w e r e  ob ta ined  b y NOAA f r o m  a i r b o r n e  d a t a  they

14. H. Y u r a , A e r o s p a c e  T e c h n i c a l  R e p o r t  # T R 0 0 7 7 ( ~~7 5 6 ) - J , I~~7 t - .
15.  B . S. L a w r e n c e . p r i v a t e  c o m m u n i c a t i o n .
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TABLE 2. OPTICAL PARAMETERS OB TA INED FROM
EMPIRICAL PROFILES

Correlation Scale Log -Amplitude Variance

Date r 0 (c m ) ci~~
2 (poi nt a p e r t u r e)

17 November  19. 9 0. 028

18 November  19. 2 0, 012

21 November 12.8 0. 029
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Figu re  2 3 . Two D i m e n s i o n a l  T u r b u l e n c e  Con tou r s  of 18 N o v e m b e r  l°75
Same as Fi g. 22.
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I

collected during the daytime. If ni ght t ime condi t ions  a re  s imi la r , then
it is quite pos~ ib1e that the airc ra f t  sensor was sampling subs tan t ia l l y
d i f f e r en t  turbulence than the optical measu remen ts . In these prof i les , t he
ob s-e rvato ry is located slightl y to the wes t  of the peak (~ 0. 5 km~ and  the
winds are from the predominant trade direction (nor theas t ) .

3. SEEING MONITOR - STA R SENSOR

Several comparisons can also be made between Seeing M o n i t o r  and
S t a r  Sensor  data. One such comparison is given in F i g u re s  7 and  8. The
numbers  given at the top of each profile arc  the optical  values  of r 0 ob-
ta m ed during a 10 mm data collection cycle within the 20 mm Star  Sensor
cycle . There appears to be a roug h correlat ion between these  t wo r e sul t s
(1. c. , r0 l a rge r  for  p rof i les  with smaller  a r ea) , at least  for  the run of
18 November .  Of course , a s t rong correlat ion would be expec ted  onl y if
the hig h altitude portion of the profil e domina tes  and/or  the tu rb ulence  l ev e l s
under  1 km are relativel y constant.  The fo rmer  assumption is g ene ra l l y n o t
valid and , in fac t , the data supports  this conclusion.  The a v e ra g e  p r o f i l e s
g iven in F igure  9 y ields a valu e for the in tegral  of C~~

2 for  a l t i t u d e s  a b o v t
1 km of the o rder  of 2 x 10- 13 rn 1/3 . U s i n g  the t h e o r e t i c a l  ex p r e s s i o n  f o r  r 0
and the average value of 9 .6  cm at 5000 R y ields a value fo r  the in t e~~ ra 1  of
C~~

2 over the ent i re  atmospher ic  path of approximatel y 7 x 10 1 3  r i t 1 / ‘.

T h e r e f o r e , based on these  ave rages , tu rbu lence  above 1 km accou n ts f or
roug hl y 35% of the total .  F u rt h e r m o r e , based on t he a i r b o r n e  n t i c r o t h e r r n a l
data , the reg ion between 300 rn and 1 km c o n t r i b u t e s  roug hl y 10- 13 n- i ’ 1/ 3

or 20 % of the total .  These  values lead to the conc lus ion  t h a t  a p p r o x in . a t e l v
45~~ of the to ta l  con t r ibu t ion  to the i nt eg ra t ed  t u rbu l ence  is a s s o c i a t e d  ~
low l ev e l s  ( u n d e r  300 rn).

Corre la t ion  also exist  in n o n - s t a t i o n a r y  e f f e c t s  seen in t h e  two d a t . -.
s e ts . For example , the Star Sensor  y ields for 6 and 8 December  w e r e  8 ~~

and 30~~, r e spec t ive ly ( see  Fi gure  4 for  Seeing Monitor  data ) .  On a c v - .  U
b y c y c l e  b a s i s , the s t a n d a r d  devia t ion to mean rat io  fo r  the  S ee i n g  .M- :t~ t o r
output voltage had an ave rage  of 0. 08 and a range of (0 . 05-0. I t )  on 1 D e -
cernber. For 8 December , the values we re 0. 17 and (0. 08-0 . Z 1 ) .  Tb.-
c o m p a r a b l e  Star  Senso r  data is the twen ty  minute  s t a n d a r d - d e v i a t i o n  t - .
m ea n  rat io of the log-amplitude var iance.  The a v e r a g e  and r a n c e  of t m s
p a r a m e t e r  was 0. 16 (0. 11-0. 2 1 )  and 0 . 2 7  (0. 13-0. 46 )  fo r  6 and ~ D c c t - n l ’t - r .
r e spec t ive ly. Hence  both sets  of data d isp lay hig h e r  levels  of va r i a b i l i t ~
on 8 December .

S i mi la r  t r ends  are  somet imes  apparen t  in the data . For exan t p l .
the Star Sensor  log-amp litud e var iance , ex c ept fo r  one point , d e c r e a s - I  ~n

a rnonotoni c - f ash ion  durin g the run of 12 Jul y ind ica t ing  impro~n n g  c o n d i t i :~ .
in a g r e e m e n t  wi th  the Seeing M onitor  data of F igu re  ~‘. In c o n t r a ~- t , n
vious t r end  w a s  seen in the log-amplitude v a r i a n c e  dur ing  th~ run  of 8 lu l \ .
B e c a u se  s c in t i l l a t i on  t ends  to be domina ted  by h i g h e r  a l t i t u d e  turbu 1e~i e

whil e seeing ( r 0) is usual ly dominated b y lower  a l t i t udes , the two s et s  ‘

data should not neces sa ril y show the same t rends .
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4. THEORETICAL COMPARISONS

H. Yura~
14
~ has carried out a number of theoretical calculationswith regard to these measurements .  The theory uses  a combination of

the Hufnagel  wind corre la ted rnode l( 16)  for  hi gh al t i tudes and a low alti-
tude model based on the work of Buft on ( 17)  and Koprov and Tsuang.  ( 1 8 1
The resu l t s  of these  calculation s are given in Table 4. The input to the
theore t ica l  model is the average  wind velocity which was der ived  f rom
the meteorological  data of  A ppendix C. The emp irical  values for  th is
pa ramete r  a re  21 . 3 rn/ s . 20, 5 rn/ s . and 30 . 8 rn/ s for  17 , 18 and 21 ,
November , respectivel y. As can be seen , the theoret ica l  to resu l t s  a re
hi ghe r  than the exper imenta l  data in all cases . It is i n t e r e s t i n g  to note
that for r0, the theoretical values are in better agreement than the values
3er ived f rom the emp ir ica l  p r o f i l e  (Table 3) .

The Hufnagel  model can also be compared to the Star  Sensor  hig h
a l t i tude  p rof i l e  data . In Figure 9, the dashed curve  is based on the model
a s suming  an a l t i tude  ave raged  veloci ty  of 15 rn/s. Several  o b s e r v a t i o n s
a r e  obvious. All of the exper imenta l  r e s u l t s  have a r e a s o n a b l e  shape . In
a d d i t i o n , all show a tendency to f la t ten out at in te rmedia te  al t i tudes and
then fall  off rap idl y. Onl y two of the five averaged results show an i n c r e a s e
in t u r b u l e n c e  s t r e ng t h  in the v ic in i ty  of (6 -9  km)  above the s i te  ( 9 - 1 2  km
above sea level) .  In genera l , the data appears  to support  the e x i s t e n c e  of
a t u r b u l e n t  t r op o p a u s e  but one  w h i c h  is  not  a l w ay s  s t r o n g .  The  da ta  a l so
ind ica tes  relat ively hi gher  levels of t u r b u l e n c e  at lower  a l t i t udes  than the
t h e o r e t i c a l  mode . This could possibl y be due to the app l icat ion of the model
ou t s ide  its range of s ta ted val idi ty  (g round  + 3000 M to 24 , 000 N I l . A r a t her
d r a m a t i c  resul t  is the close agreement  b e t w e e n  the  model and t h e  a v e r a g e d
data for  Jul y 1976. Because a de ta i led  study of the avai lable  r o e t e o r o l o gU a l
data on uppe r  a tmospher i c  winds has not yet been c a r r i e d  out , g r e a t  si gn i f -
i cance  cannot be at tached to this agree ment.

5. E X P E R I M E N T A L  COMPARISONS

Scint i l lat ion data has been collected for  a cons ide rab l e  per iod  of
t i m e  at a n u m b er  of d i f f e r e n t  s i tes.  A n u m b e r  of a v e r a g e  p r o p e r t i e s
a s s o c i a t e d  with this  data base  a r e  g iven in Ref . 16 . Severa l  can b e c~~~ . -
pared with the data reported here . Resul ts  are  g iven in t e rm s of t he
pa rame te r  S. de f ined  as a02 / (p >  2 where  ap 2 is the va r i ance  and
is the mean value of the in’~egra ted  i r rad iance  seen b y a 10 cm a p e rt u r e
viewing near zenith stars. In particular , over a year  long pe riod log S
is approximatel y a Gaussian random va riable with a = log 2. 1. The year
roun d median value of S is about 0. 06 for  all sites. The comp lete set of

16. R. E. Hufnage l , OSA Top ical Meet ing  on Optical Propagation Through
Turbu lence  (Boulder , Colorado , 1974) ,  pape r W A 1 .

17. J.L. Bufton, A pp l. Opt. 12 , 1785 (1973 ).
18. V. M. Koprov and L. R. Tsuang ,  Atmos. and Oceanic . Phy s . 2 2 , 1 1 4 2

(1966).
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twe nty minut e log-amplitude va r iances given in Appendix B has a mean ,median and va r iance  of approximatel y 5. 9 x 10-4 , 5. 6 x i O - ~ and 1. .  x 10- ,res pect ive l y. However , t hese values are f or  a 36 cm ap e r t u r e . A s s u mi n gthe approximate large aperture  theore t ica l  scaling (D -~ /3 and the  usua.1Gauss ian  re lat ionshi p between ir radiance and log -arn plit u d e ( 1 3 )  y ie lds  amedia n value for  S of 0. 04 and a root var iance for  log S of approx i rn a ’ e1~.
log 2.

A number  of other measu remen t s  of r 0 have been c a rr i e d  out . AtAMOS , tec hni ques imp lemented have included Speckle  In t e r f er o r r .e t ry ,  ( l 9 ~I a d i f f e r e n ti a l  Hartrnann method , ( 2 0 )  and a shear ing  in t e r f e r om e~ er . (2 1 1Data has also been collected at the Maun a Kea Obse rva to ry  ( a l t .t u d e  ~ 14 , 000f t )  on the island of Hawaii , a distance of approximatel y 75 miles s o u th e a s tof AMOS. The in s t rumen t  used was a coheren t  i n t e r f er o r n e t e r , ~2 2 )  A U oft h e s e  r e su l t s  a re  g iven  in TaL e 5. The repor ted  s h e a r i ng  i n t e r f e r om e t e rdata is limited to a single plot of the long exposure  MTF. The shape va r i e ssomewhat f rom the theoret ical  expectation . The value of r~ in the tab ler ep r e s e n t s  an approximate  f i t  of the theory  to the data. The s p e c k l e  d a t aa lso  ind ica te s  n o r i - s t at i o n a r i ty  e f f e c t s  and approximate  G a us s i a n  s t a t i s t i L  Ss imi l a r  to those  r epo r t ed  here.

19. A. S c h n ei d er m an  and D, F,aro , OSA Topical M e e t i n g  on Speck lePhenomena  (Pac i f i c  Grove , Cal i fo rn ia , 1976 ) ,  paper  ThCb ar idp r iva te  communica t ion.
20 . M. G. Mil ler  and P. F, Kellen , AAS/SAO/OSA/ SpS E Top ical Meet in~on Imaging in As t ronomy (Cambrid ge , Mass .  , 1975) ,  pape r \VB 3.21 . D. Kelsal l , 3. Opt. Soc . Am. 63 , 1472 (1 973 ) .22 . J. C. Dainty and R. 3. Scaddan , Mon. Not . R. A s t r . Soc . 170 , 5 19(1 975 ) .
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- TABLE 5. EXPERIMENTAL COMPARISONS OF r0

Technique Mean ( c m)  R a n g e  ( c m )

Seeing Monito r 9. 6 5. 3-17. 8

Speckle Int e r f e r o rn e try
(Schn eidermar i  and Karo )

June 1975 4. 1-6. 4

June 1976 10

D i f f e r e nt i a l  Har tmari n ,
A u g u s t  1974 10. 3 3. 0-18. 0

( M i l l e r  and K e l l e n)

C o h e re n t  In t e r f e r o met e r ,
J u ne  1974

( D a i n t y  and S c a d d e n - Ma u n a  N e a l  12. 7 4 . 0 - 1 8 . 5

Shea r in g I nt e r f e r o m e t e r , 1972
( K e l s a l l)  3
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V I I .  R T A M  AMOS TESTS

1 . GENERAL

The Rea l  Time A t m o s ph e r i c  M e a s u r e m e n t  Sy s t e m  ( R T A N I )  u n d e r\ ’. t ’n t
A~\ 1C)S t e s t i n g  d u r i n g  the  pe r iod  16 A u g u s t  to 3 September , 197( . I nit i il l v , i t
w a s  set up on an op t ica l  bench and its  p er f o r m a n c e  c h e c ked  u s i n g  a I I .  - .N~
l a s e r  s o u r c e .  R e s u l t s  w e r e  s i m i l a r  to t h o s e  seen  in t he  l a b o r a t o r y .  .- \ f t t r
i n s ta l l a t i o n  on the 1. 6 M t e le s c o p e , a s e r i e s  of d i a g n o s t i c  t e s t s  and a d j u st  -

men t s  w e re  c a r r i e d  out. S u c c e s s f u l  op e r a t i o n  of the i n s t r u m e n t  w a S  (~s -
t a b l i  s h e d .  I l o w e  \ e r , s e v e r a l  p r o b l e m s were found b u t  not  c l i i i  i n a t  i d .  I Ia -

f i r s t  of t h e s e  was  a v e ry  n a r r o w  f ie ld  of view (less than four a r c  S i t  Ond ~ 1
w h i c h , if not w i d e n e d , w i l l  be a s e v e r e  r e s t r i c t i o n  to a ny  future operation s ,
r e q u i r i n g  v e ry  good t r a c k i n g  and low wind  v e l o c i ty .  The Se c O n d  w i  s .i 1ev.
s i g n i  1 to no i se  r a t i o  w h i c h  h i s  si g n i f i c a n t  i m p a c t  on the abilit y of t b -  R T A  ~Y
to prodi~ e a d e t a i l e d  c h a r a c t e r i z a t i o n  of the OTF.

.~~~. N I T F  P }d RF O R M AN C E

In g e n e r a l , t h e  M T F s s een  were c o n s i s t e n t  ~~ it hi e x p e c t a t i o n , i . .
a c e n t r a l  peak w h i c h  fe l l  off at  low s p a t i a l  frequency to a low si gn  I h t ’ v ~ - l
wh icl i  i n c l u de d  Ia r g e  v a r i a t i o n s . (8 1 These v a r i a t i o n s  a r e  due hot lu to I -

a t i n i n ~p }u e r e  and  sy s t e m  noise .  Examp les  a r e  shown in Fii .~u re  .~~~~~. ‘l ie-
yr idt h  of the  peak can be u s e d  to ob ta in  a r o u g h es t  in i a t t  of s e e i n g  o i id  ens
(i. e . , r 0 ) , w h i l e  the  r e l a t i v e  l e v e l s  of t he  z e r o  and  h i gh s p a t i a l  f r t ’q u e n c v
p o r t i o n  of t h e  MI’ F can he used to obtain an estimate of t h e  s i g u i . t l  t o  n o i s e

~ at io.

See n i~ c o n d i t i o n s  w e r e  dete  r on m e d  by niea su r i n C -  I e w dt  - o b
.\1 TV it  5) I L -  of i ts  i n i t i a l  v a l u e .  A f i t  of I l l s  frequency to  tb~ rv  y i e l d  —
t h e  d e s i r e d  e s t i n i r o t e  of r 0. B e c a u s e  t u  e m odul u s of t he  OTF r s
the ippr &n r i t  model  is t h e  s h o r t  - e xp o su r e  a ver a  i~ed N~ ‘I ’F . ( 4 )  I i  - d t i
; i n . t l v z -d in  t h i s  f a s h i o n  a r e  s h o r t  e xp o s u r e s  ( s i n g le r e a h i z . i t i o n s )  u l  i c b  , t r e

o r r ~~p t e d  it h  n o i s e  a n d  h en c e  t be~~ e r e su l t s  art’ only . i p p r o x i n i i t ~ - . 1~~,c
t~~~~ t i - it ’d valet-s of r 0 w e r e  of o r d e r  15 m i  on 3 1  A u g u s t  a n d  10 t i l t S r’ o c t
S t o  1 ‘ on on .~ S e p t e m n i u . -  r - ‘ l } i e s i -  r e s u l t s  a r e  r e . i s on a b l t - , ba s e d  on

r - ’.’ i O i i S  - x pe r i e n  e .

I- o r t i t -  purpose of c a r ry ing  out  a detailed e l i . t r a c t i - r i z t t  ion of t i l t
M I  I - , i i  impor t ;tnt ‘. ons -i der . it ion  is t h e  i nhe r m-n t  s i gna l t o  n o i se  r a t io  of
t } . e  N11 ’I’  a t  hi t y i s p i t i - i  f r e q u e n t  i l - S  ( i . e . ,  g r t ’ i t s - r  t i - t n  t h e  a t i n i e - ~p i u t - r i i

u t o f f  ~A r 0 ) .  I f  t h i s  q u a n t i ty  is t oo  small , useful i n f o r m a t i o n  ~ i l l  be
Oi )t d  m e d  - i t  low s p a t i a l  f r t ’q i i e n c  ies  onl y. It is irnpor ta  nt  to no t  ~ t h a t  h i s
h i g h - f r e q u e n cy  (S ’ N )  is  d i f f e r e n t  t h a n  th e (S N i  c o n s i d er e d  in v a r i o u s
P TA NI doeui i i - n t s  w h o  Ii is m o r e  e h a r , i m - t t - r i s t i .  of z i - r o — f r e q o i t - n i  y l o ’L . i v n r .
1 r o v  i lt’d v;trwus s t - i t  ~t u  al a ssu mp t i o ns  a r t -  mad - , both can  hi ’ r - l tt- d 1( 1

• -— - - . — -- -— — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
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the r a t io  of the ave rage  MTF to the a v e r a g e  noise  level  at z ero  spa t ia l  fre-
quency .  In the cu r rent  case , this l a t te r  quant i ty  can be e s t ima ted  from t h e
da ta becau se t he h ig h - f r e quen cy  be havior  is domina ted  by n o i s e . Th e o r y~~’)
p r e d i c t s  a h i g h - f r e q u e n c y  (S /N)  for a si ng le r e a l i z a t i o n  of o rde r  one due  to
atmosph e r i c  f luc tua t ions  onl y. A theo re t i ca l  e s t i r n a t e (2 3 )  (a s s u m i n g  an
r 0 of 10 cm) of the mu l t i p l i ca t ive  f ac tor  by which th i s  ideal  va lue  is r e d u c e d
by no i s e  as  a f u n c t i o n  of the z e r o- f r e q u e n c y  M T F  to a v e r ag e  -no i se  r a t i o
is g iven in F ig u r e  26.  Also  inc luded  in the f ig u r e  is the e s t i m a t e d  r a n g e  of
ope ra ti on  seen on 31 August  and 2 September as we l l  as  the  t h e o r e t i c a l l y
p r e d i c t e d  range  of opera t ion  aga ins t  a f i r s t  magn i tude  s t a r .  The f o r m e r
was  e s t ab li shed  by anal yz ing  data taken aga ins t  s eve ra l  b r i g h t  s t a r s  while
the l a t t e r  is based  on theo re t i ca l  e s t ima te s  of s y s te m  characteristics (~~4)

Two other  q u a n t i t i e s  a r e  of i n t e r e s t  in d et e r m i n i ng  the  da ta  p r o c e ss : n c
r e q u i r e m e nt ~ - The f i r s t  of t h e s e  is the  n u m b er  of f r a m e s  r e q u i r e d  to o b t a i n
a g iven a c c u r ac y in the f ina l  a v er a g e .  A s s u m i ng  t h a t  i n d ep e n d e n t  r e a l i z a  -
t i ons  a r e  a v e r ag e d  the  (S/N) is p r o p o r t i o n a l  to the s q u a r e  root  of t h e  n u m b e r
of f r a m e s . The second  is the  f r ac t i o n  of the  total  a v e r ag e  hi g h - f r e q u e n c y
s i g n a l  w h i c h  is due to the  M T F .  If t h i s  f r a c t i o n  is s m al l , p r o c e s s  in i ~ be -

comes  m or e  d i f f i c u l t  due  to the e x i st e n c e of a l a r g e  spu r iou s si gna l . Th e s e
t h r e e  c h a r a c t e r i st i c s  of the  da ta  a r e  t a b u l a t e d  in Table 6 for bo th t h e  a c t u a l
p e r f o r m a n c e  seen and the t h e o r e t i c a l l y e s t i m a t e d  p e r f o r m a n c e .

These  r e s u l t s  i n d i c a te  t h a t  p e r f o r m i n g  at i t s  c u r r e n t  l e v e l , t h e  R T A~~Iwoul d p r o v i d e  data  w h i c h  would be ext r eme l y d i f f i c u l t  to p r o c e s s  f o r  u s e fu l
M T F  i n f o r m a t io n  at hi gh - sp a t i a l  f r e q u e n c i e s . This  is p a r t i c u l a r l y tr ue at
the  lower  end of the o p e r a t i o n a l  r a ng e  w h e r e  s e v e r a l  t h o u s a n d  f r am e s  of
da ta  would  be r equ i r ed  and st i l l  r e su l t  in a h i g h f r eq u e n cy  si~ . n a l  ~vb~ c- . v- ouH
be m o r e  t h a n  9O~e s p u r i o u s .  If the  t h eo r e t i c a l l y p r e d i c t e d  p e r f o r r i a n ~ w r e
to be a c h i e v e d , p r o c e s s i n g  should y ie ld  u s e f u l  r e s u l t s  fo r  b r i p h t - r  s t ar s
u n d e r  r e a so n a b l e  c o n d i t i o n s .

3 PHASE TRANSFER FU NC TION

The s ituation r e g ar d i n g  the phase  out puts  is mo r e d i f f i c u l t  to a n a l y z e
W h i l e  t he  R T A M  did g e n e r a t e  si gna l s  in t h e s e  c h a n n e l s , t h e i r  inte r n r€ta t ion
is not obviou s for  a number  of r e a s o n s ,  E x a mp le s of t h e  P TF  t a m e - n  a c a i ~~s t
V e g a  on 2 Sep t embe r  a r e  shown in Fi g u r e  27 . M a x im u m  e x c u r s io n s  s e e n
w e r e  of o rde r  + 10 in radians with rrns values of order 2 radrans T h e se
v a l u e s  do not c o n f l i c t  w i t h  a ny  f u n d a m e n t a l  u n d e r s t a n d i n g .  H o w e v e r , a
number  of non-a tmosph e r i c  e ff ec ts a re  p robab l y c o n t r i b u t i n g  includ~r.c a
s y s t e m a t ic  e r r o r , t r a c k i n g  i n d u c e d  im a g e  w a n d e r , n o i s e  and l o s s  of
ph a s e  - lock in the d e t e c t i o n  p r o c e s s .  The s y s t e m a t i c  e r r o r  wa s  o b s e r v e d
in the l abo ra to ry .  W h i l e  its  p r e s e n c e  comp l i c a t e s  p r o c e s s i n g ,  i t  c a n
eliminated (if it is constant in time) by subtrac ting a known ph a s e  ) a s  .1

2 3 . B a s e d  on an ana l ys i s  s i m i l a r  to that  g i v e n  by F R o d d r e r  ( r e f e r e r i L
20 , paper ThC6 ) ,  A . Sc hni eide rrr - i a ni and D. N a r o  ( r e f e r e n c e  I I , pg .  70 1
and M. C. M i l l e r  ( r e f e r e n c e  1° , paper  T}~C4 .

24 . A.  MacGovern , p r i v a t e  c o m m u n i c a t i o n
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f u n c t i o n  of f r e q u e n cy ) f r o m  each  r e a l i z a t i o n .  T r a .. k i n g  i n d u c t -d mi -n a 1~w a n de r  would  be s o m e w h a t  m o r e  on m p l i~ a t e d  to  h a n d l e  b e c a u s e  i t  i s  dv  -

na n u t - . 1-loweve r . t he  d yn ai-n ic s of t 1i~ - n omin t  a r e  s i t  e l m  t l ia  t l i t t l e  . 1  i c~i m  . m a
o c c u r  w m t h  a b a n d wi dt h  g r e a te r  tha n t O  I I i . The r e f o r e , if s u b set s  of  d . i t i
cor r espond in g to to t a l  c o l l e ct i o n  t i m e s  of l e s s  t h a n  0. 1 sec w e r e  n o r m a l  zed
to e l i m i n a t e  the  l e a s t - s q u a r e  f i t  of the a v e r a g e  ph a s e  to a l i n e a r  ph a s e
taper  p lus the ( a s s u m e d )  known sy s t e m a t i c  e r r o r , m u c h  of t h i s  t e l e s . .  Ope
w a n d e r  should be e l imina t ed .  If t h i s  p r o c e d u r e  d id  not p rove  to be a d e q u a t . . ,
it ~~ou 1d a l so  be poss ib le  ( in  p r i n c i p le)  to d e r i v e  the  r e q u i r e d  w an d e r  ef fe ..
f rom a ti m e - s y n c h r o n i z e d  r e c o r d i ng  of the mount  shaf t  ang le e n c o d e r  e r r o r
s igna l s .

The e f f e c t  of s y s t e m  no i se  is to add a s t a t i s t i c a l  f l u c t u a t i o n  to t h e
s i g n a l  w h i c h  is a l r e a d y r a n d o m  due to t he  a t m o s p h e r e .  B e c a u s e  c c c
m n t e r e s t m n ~ q u e s t i o n  re g a r d i n g  phase  is the  t y p e  of s t a t i s t i c s  i t  o b e y s ,
n o i s e  wi l l  ac t  as a sp u r i o u s  si gnal  w h i c h , i f l a r g e  e n o uc h , can  mas-
the  a tmosp h e r i c  e f f e c t .  I n c r e a s i n g  the  number  of f r a m e s  r e d u c e d  will not
m i n i m i z e  th i s  e f f e c t , but onl y r e f i n e  the  e s t i m a t e s  of the  c o m b i n e d  s t a t s -
t i c s .  H e n c e  if u s e f u l  i n f o r m a t i o n  is to be o b t a i n e d , ei t h e r  t h e  n o i s e  i c c - i- i
be small  or a se t  of  no i se  evalua t ion  exper iments  a n d/ or t h e o r y  ( a s  a
f u n c t i o n  of o p e r a t i o n a l  p a r a m e t e r s )  m u s t  be c a r r i e d  out so t h a t  t } .~ s t- ~~i..-car .  be de c o n v o lv e d  fr o m  th e  c o m b i n e d  d a t a .  The amount  of r . oj s  ..- s e.. n i r .
the  M TF  would  s u g g e s t  t ha t  the  f o r m er  is an u n l i k e l y s i tu a t i o n .

TI -ic mos t  d i f f i c u l t  p r o b l e m  to dea l  v i th  is the  l o s s  of p Ic a s  i- -I  o~ ~ in
the d e t e c t i o n  p r o c e s s . Th i s  o c c u r s  w h e n e v e r  the  MTF d rops  be low soicce
c r i t i c a l  level  w h i c h  is un~.nc- .en at t h s  t i m e  - The r e s u l t  of t t . i s  p h a s e  - b c
loss is tha t  a r a n d o m  and un ’r cn own a m o u n t  of ph a s e  sh i f t i s  a d d e d  to  t~ e
output .  In f ac t  if the  M T F  does  not r I s e  above th i s  t h r e s h o l d , t h e p h a s e
output wi l l  a p p a r e n t l y be due  en tir e ly to no i se . B e c a u s e  t h e  e f f e c t  of ti.-
a tmosph e r e  is to d ep r e s s  t h e  .“ .I TF at al l  f r e a u c n c i e s  bu t  t i e  v e r y  1ev. e st .
t h e  p o s s i b i l i t y  e x i s t s  t h a t  t h e  onl y r e a l  a t m o s ph e r i c  p ha~ e i n f o
w h i c h  can be o bt a i n e d  f r o m  the  RTA I . .1 w i l l  be at sp a t  a l  ~r e - ~ :cn~ es
the  s ee ing  induced  cu to f f .  If t h i s  is i n d e e d  the  c a S e , t i c  p i . i s -  cc .”o~~~s w
be of l i t t l e  u t i l i t y .

-~~~~~~~
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N otes

1. Al l  data  point s c o r r e sp o n d  to the a v e r a g e  value of a 1350 m e m be r
ensemble  of shor t  e xp o s u r e s  (one m i l l i s e c )  take n ove r  a pe r iod  of
approximately 8. 25 mm .

2 . Al l  da ta  excep t  that  of 12 and 1 3 May were  t aken  wi th  a 1200
f i l t e r  c e n t e r e d  at 62 00  ~~~~. The data of 12 and  13 May was not
s p e c t r a l l y f i l t e r e d .  T h e o r e t i c a l  sc a l i n g  was  used  to r e d u c e  to
the e f f e c t i v e  w a v e l e n g t h  of 5000 R .

3. The data of 9- 13 July has been corrected for zenith ang le depend-
ence  u s i n g the  t h e o r e t i c a l  s c a l i ng .  The r e s t  of the data  v.-as not
co r r e c t e d  because  smal l  zen i th  ang les ( l e s s  tha n 30 0 ) w e r e  u s e d
and hence  th~ c o r r e c t i o n  is sma l l .

4 . The t i m e s  g i v e n  a r e  ap p r o x i m a t e  (± 5 m m )  loca l  Hav . - a i i an  S t a nd a r d
Time. The dates given are those of the s t a r t i n g  t ime .
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TABLE A - i . SEEIN G MONITOR DATA - SUMMARY

Date Time Period No . of r0 ~ 5000 err.
HST Points Mean Range

11 N o v  1975 2240 - 0030 6 9 . 6  7 . 9  - 1 0 . 7

12 1950 - 2240 9 9. 9 8. 5 - 11.

14 2110  - 2400 9 11. 7 10 .8  - 12 .9
15 1930 - 223 0 10 11 . 4 1 0 . 2  - 13 .0
17 1950 - 2240 9 7 . 7  6 . 8  - 9 . 8
l b  2050 - 2350 9 11. 3 9. 7 - 13. 2
19 2020 - 2310 9 8. 7 6 . 9  - 10 . 5
21 1930 - 2220 8 8. 6 6 . 6  - 12 . 4
6 Dec 1975 0100 - 0350 9 9. 4 9 . 0  - 9. 7
8 0200 - 0450 9 14 . 1 10 .0  - 17 . 8

12 May 1976 2250 - 0040 6 10. 7 10 .1  - 1 1 . 4
13 2120 - 23 00 6 12 . 1 10 . 3 - 13 . 1
2 7 22 30 - 2320  3 5 . 6  5. 3 - 5 . 9
10 June  1976 2110  - 2 2 2 0  4 7 . 0  5 . 3 - h . 1

18 2120  - 2400 10 7 .8  7 . 1 -

21 2030 - 2230  12 7 . 6  7 . 9  - 9. 0
24 2 1 5 0  - 2350 12 10 . 5 9. 1 - 1 1 . 3
29 2250 - 0050 12 12 . 2 11 . 6 -  13 . 3
30 2 1 2 0  - 2320 12 6.0 5.5 - ( - °

6 July 1976 2300 - 0100 12 7 . 6 f- . 2 -

8 2330 - 0130 12 9 . 6  i, . I - I l . t

9 2100 - 0210  9 8 . 2 7 . 1 - 9.0

12 0 1 50 - 0450 18 1 1 . 1  7 . t - 14 . 4
13 0050 - 0420 13 8. 7 8 .0  - 9,~

.
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Notes

1 . The b a s i c  da ta  ob ta ined  c o r r e sp o n d s  to e n s e m b l e s  of ap p r o x im a t e  lv
40 twen t y - f o u r  second a v e r ag e s  t aken  d u r i n g  a t w e n ty  m i n u t e  t i m e
p e r i o d .  These  da ta  a r e  then  r e d u c e d  for  t h e  t u rb u l e n c e  p r o f i l e  and
20 rniri. averaged a

2 . The r epo r t ed  a 1 
2 is the m e a n  and r a ng e  of the 20 mm . a v e r aL e s

take n on each ni ght .

3. The times g ive n are approximate local  H a w a i i a n  S t a n d a r d  T i me .
The d a t e s  g ive n a re  those ap p r o p ri a t e  fo r  the beg i n n i ng  of e ach
nig h t ’ s data c o l le c t i o n  r u n .

4 . The data  has not been  c o rr e c t e d  fo r  z en i t h  ang le . T yp ic au l v  t h i s
a n g l e  was less  t h a n  300 so that  the c o r r e c t i o n  s ho u l d  be s i-nai l .
No sp e c t r a l  f i l t e r i ng  was used .

5 . Y i e l d  r e fe r~ to t h e  n u m b e r  of v a l i d  p r o f i l e s  d i v i d e d  b y t L I ’  t o l n l
n u m b e r  or p r o fd es  co l l ec t ed  du r ing an e v e n i n g .  To ‘he v a l i d , .i

p r o f i l e  m u s t  h a v e  a s t a n d ar d  d e v i a t i o n  to n-o~ in  r a t i o  of t } - ~ tv  - n t y  -

four  second  l og - a m p l i t u d e  v a r i a n c e s  of 0 . 20 or l e s s . Values
l a r g e r  t h a n  t h i s  i n d i c a t e  a h i gh l e v e l  of n o n - s t a t i o n a r  ~~ in t }~,-
a tm o s-p h e r e  d u r i ng  the  t w e n ty  m i n u t e  c o l l e c t i on  & y c l e . On ly  v~~hc
p r o f i l e s  a r e  r e p o r t e d .

6. No va l id  p r o f i l e s  w e re  c o l le c t e d  on 11 and  12 N o v e mb e r due to
m e c h a n ic a l  and e l e c tr i c a l  f a i l u re s in the  c~& - v i c e  . Se v e n  of t h e
t en  p r o f i l e s  t aken  on 19 Novembe r were i n v a l id  due  t & . s a t u r . i t i o n
of the pho to -mu l t ip l i e r  t ubes .

7 . The s e ven  v a l u e  of Cn
2 ( i ) ,  1 . . .  7 , a r e  for  t h e  n o I n i n ~i l  a l t i t u d e  ~ -

(above  the s i t e )  of 2 . 2 5 , 3 . 7~~, 5 . 2 5 , 7 . 5, 9. 75 , 12 . 7 5  a n d  I J . S
kn , r e sp e c t i v e l y .  SD/M is the  s t a nd a r d  d e v i a t i o n  to  m e a n  r a t i o  of
the ensemble  of t w e n t y - f o ur  s econd  v a r i a n ce s . 
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T A B L E  l~ - 1 . STAR SENSOR DATA - S U M M A R Y

2 -4
Date Time Per iod  Yi eld  No . of 0

1 
( x  10

HST Samples R a n g e  M e a n
- 

11 Nov 1975 2200  - 004 0 0/8 - - -

12 1920 - 2 2 2 0  0/9 2 5 . 50 - 5 . 54 ~~~. 52

14 2010 - 0030 7/ 12 15 2 . 75 - 6 . 22 4 . J (
15 1930 - 2 110 10/ l i  13 1. 55 - 3 .98  2 . 65

17 19 10 - 2250 4/1 1 12 2.79 - 18 . 2  7 . 9 2

18 1950 - 2350 11/12 12 2.28 - 5. 03 3 . 76

19 19 40 - 2320  0/ 1 0 4 2 . 0 4 -  28 . 3 18 . 2

21 2010 - 2250 5/7 8 5.1 7 -  8.21 6 .00

6 Dec 1975 0020 - 0400 9/ i l 12 4 . 51 - 10. 4 6 . 8s
8 0140 - 0500 3/10 10 2. 1 3 -  5.71 3 . 24

16 A pr il 1976 0020 - 0440 7/1 2 12 5.25 - 12 . 8 8 . 1 3

23 2350 - 0530 1 2/16 16 2.58 - 7 .02 4.45
29 2000  - 2305 2/6 5 3 . 62 - 9.12 4.53

5 May 1976 2210  - 0030 3/7 7 2 . 12 - 5 . 85 3 . 54

6 2150 - 2350 4/6 6 3 . 54 - 8 . 2 5  6 . O s

12 2240 - 0040 3/6 6 3 . 37 - 5 . 22  4 . 4~
1 3  2 1 0 0  - 2320  7/7 7 1 . 6 7  - 2 . 51 2 . 11

21 2 3 4 0  - 2 4 0 0  l~ ’i I - t - . 3~
27 2 050 - 2 3 1 0  5/6 6 6 . 36 - 1 0 . 5  8 . 57

9 June 1976 2 1 50  - 2 3 1 0  3/4 4 2 . 5~ - 3 . 4 3  3 . 1 4

10 2110 - 2250 2/5 5 5.09 - 6 . 3 0  S . 7t

15 2 1 4 0  - 2300  1/4 4 4 . 17 - 7 .~ I ~~~.

21 2 0 4 0  - 2 2 4 0  4 / t  6 ~~~. 14 - 9.  ° ‘  . 7

24 2 1 5 0  - 2350  0/h 6 ~ .9 7  - 13 . 4 5 . 78

29 2 2 5 0  - 0050 4/6 6 4 . 0 3  - 7 . 0.’ ‘~~. Yl

30 2 1 2 5  - 232~’ 4/b  6 5 . ~~ - 8 . 8~ 7 .

6 J u l y  1976 2 3 1 0  - 0 1 2 1 1  4 4  4 1.~~~ - 4 . t

5 2 3 3 0  — 0 1 3 0  J / 4  13 . I - 11 . 3 17 .

9 2 10 0  - 0200  3/3 3 3 . 9 1  - 10 . 8 7 .
1 2 0150 — (144 4 ’O I ’ ” ~ — ~~~~~ ~. °I

1 0030 - 041 2 - 4  ( 4 . 1 4  - I O .~~ (. 7 ’
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Alt i tude is in heig ht above the observa tory .  Each p ro f i l e
is an average of all  valid data collected on a speci f ic  n ig ht.
The width of the wei ghing functions are  not shown.
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Notes

1. All data points correspond to the average value of a 1350 member
ensemble taken over a period of approximately 8. 25 m m .

2. The time s g iven are approximate (± 5 m m . )  local Hawaiian Stan-
dard Time . The dates given are those of the starting time.

3. Only one of the six calculated value s of Cn 2 is reported. This
value was sele cte d on the basis of wind direction and proper
ope ration of the probes. The upwind probe pair closest to nor-
mal to the wind direction is the preferred  set.

4. Radiosonde data is from the USWB station at Hilo, Hawaii , ap-
proximately 110 miles south-east of AMOS . Launch time was
0200 1-1ST . Data reported corresponds to the ni ght of each
data run.
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Figure C-i. Microthermal Data - 14, 15 , 17 and 18 November 1Q 7 5 ,
The horizontal  lines indicate the ave rag ing  period.
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Fi gure C-i.  Microthermnal Data - 19 and 21 November and 6 and 8
Decembe r 1975. Same as C -I .
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Figure  C - 3 . Meteoro log ica l  Data - 14 and 15 Novembe r 1975. Based
on rad io sonde  data t aken at Hilo , Hawai i  at 0200 local  t ime.
The date indicates  the miss ion date of Table C - i .
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Figure C-4. Meteoroiogical Data - 17 and 18 November 1975. Same
as C-3 .
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Figure C-5 .  Meteorologica l  Data - 19 and 20 November 1975. Same as
C-3 .
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Figure C-6. Meteorological Data - 21 and U Novembe r 1975. Same
as C-3 .
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METRIC SYSTEM

BASE UNITS:
Quantity - t SI SI~~~I For!~~

length matte III
mass kilogram kg
time second $ -- -

slectric current ampere A
tbeñnodynamic temperature ke lv t n K
amount of substance mole mol - -

luminous Intensity candela cd - . -

SUPPLEMENTARY UNITS :
plane ang le rad ian red - -

aohd angle steradian it

DERIVEI) UNITS:
Accelerat ion metre per second squared ... Itt/S
act Ivity (of • radioactive sourte) disint egration per second .. (dlslntegrstion)Is

angular acceleration radian per second squared -.. red s
angular velocity radian per second -- • radis
area square metre m
density kilogram per cubic metre - -  kg’m
electric capacitance fared F A S- /V
electricil conductance Siemens S AN
electr ic field strength volt per metre ... V/m
electric inductance henry H V.1/A
electric potential difference volt V W/A
electric resistance ohm VIA
electromotive force volt V WA
energy j oule I N.m
entropy joule per kelvin -..
force newton N kg.m’s
frequency hert z Hz (cycle)la
illuminance lue lx lmim
luminance candela per square metr e .. cd’m
luminous flux lumen Im Cd-ST

magnetic field strength ampere per metre ... A/m
magnetic flux weber Wb V s
magnet ic flux density tesla T
magnetomotive force ampere A - .

power watt V~ l’s
pressure pasca l Pa NIm
qu anti ty of electrIcIt) coulomb C A-s
quanti ty of heat j ou le I N-rn
radiant intensity watt per sterad ian ~ Sr
specifIc heat joule per kilogram-kekin - l’kg4~
str ess pascal ~• Nm
thermal conduc ti v Ity w att per metre-kelvin . • W~tTI l~
velocity metre per second - tn-s
vIscosity, dynamic pascal-second -- PaSs
visco si ty,  kinematIc square metre per second rn
voltage vo lt V ‘~% A
volume cubic metre m
wavenumber reciprocal metr e (w ave lm
work joule N-rn

SI PREF IXE S

Mult ip lu at lo n 1a(tOrS f’re(Is NI Symb~ I

1 000 000 ($10 000 1(1 ” f I rs

1 00(1 0(10 00( 1 — 10’ 5I~fI
1 ono 00(1 • I I I ’ meg. N

I ooo 1(1’ kIlo k

100 • 10’ hec-In h
10 • 10 deka’ da

0 1 -  1(~~ ’ dect d
001  • 1(1 rentt ’

0001 ~ 
mtl l i  Cl

(1 0(10 001 — 1(1 • ml. C’
0 00(I INKI O (I1 — lIr ’ cant , n

0 00(1 0(1(1 000 001 • 1(l~ “ 
pt.ti

0.000 (XXI (XX) ()(P0 (Xli • 10 ”  (cr111, ’
o uoo ooo ooo trno i*m ooi • 1 0”  III
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